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Abstract 
Phosphorus (P) is a fundamental element that is involved in many essential biological 
processes in all forms of life and is a major component in commercial fertilizers. Traditional P 
fertilizers are derived from rock phosphate (RP), which is limited in supply and expected to be 
depleted over the next 250 years. Phosphorus recovery technology has been an area of recent 
interest due to the potential food security risk of traditional RP-derived fertilizer-P sources. 
Magnesium ammonium phosphate (MgNH4PO4 · 6H2O), which is the mineral struvite, is a 
wastewater-recovered mineral that has gained attention as a potential sustainable fertilizer-P 
source. The primary objective of this study was to assess the behavior of a simulated, 
wastewater-recovered struvite in multiple plant-less soil incubations with multiple soil textures 
in a moist- and flooded-soil environment. Fertilizer-P sources including electrochemically 
precipitated struvite (ECST), chemically precipitated struvite (i.e., Crystal Green; CG), triple 
superphosphate (TSP), diammonium phosphate (DAP), monoammonium phosphate (MAP), and 
RP, were added to plastic soil cups at an equivalent fertilizer rate of 24.5 kg P ha-1 containing 
three or four agricultural soils of varying soil texture [i.e., loam, silt loam, and silty clay loam, 
but the loam was not used in the flooded-soil incubations] from various agricultural field sites 
throughout Arkansas. Soil cups were destructively sampled six times over a 9-month period in 
the moist-soil incubation and five times over a 4-month period in the flooded-soil incubations to 
examine the change in water-soluble (WS) and weak-acid-extractable (WAE; i.e., Mehlich-3) 
nutrient (i.e., P, K, Ca, Mg, and Fe) concentrations from the initial over time. In the moist-soil 
incubation, after 0.5 months of incubation, WS-P concentrations increased the most in the ECST 
treatment (41.6 mg kg-1), which did not differ from that from DAP. Throughout the remaining 
8.5 months of incubation, the WS-P concentrations numerically decreased in most treatments, 
 
but still were greater than the initial and were generally similar among ECST, CG, MAP, DAP, 
and TSP treatments. In the flooded-soil incubation, after 0.5 months, WAE-P concentrations 
increased the most from the initial in the ECST treatment (82 mg kg-1), which did not differ from 
DAP. After 1 month of incubation and throughout the remaining three months of incubation, 
WAE-P concentrations increased the most from the initial and were similar among ECST, CG, 
and DAP treatments. The comparable WS-P concentrations among ECST, CG, MAP, DAP, and 
TSP in the moist soil incubation and similar WAE-P concentrations among ECST, CG, and DAP 
treatments under flooded-soil conditions further support struvite’s agronomic potential as a 
potentially sustainable, fertilizer-P source, thus warranting further investigation of the plant 
response to struvite use as a fertilizer-P source. 
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Phosphorus (P) is an essential element for many biological processes in all forms of life. 
Phosphorus is a fundamental nutrient in agricultural production, and is one of three major 
components in fertilizer. The majority of P fertilizer is derived from phosphorus rock (PR), 
which is actively mined around the globe to meet the increasing demand in P fertilizer. 
Phosphorus rock reserves have been declining worldwide and it is estimated the amount of 
economically-feasibly mined P will be exhausted in as little as 100-250 years (Liu et al., 2012). 
Phosphorus has no substitute in agricultural production, therefore sustaining future food security 
depends on a sustainable source of P (Cordell et al., 2009). 
Clean water is a crucial resource for drinking, irrigation, recreation, fishing, and 
supporting many biologically-diverse and threatened aquatic species. Throughout human history, 
rivers have been used to transport and dilute wastes (Carpenter et al., 1998). However, human 
activities are introducing P to freshwater sources at a rate that exceeds natural levels by three 
times (Elser and Bennett, 2011). Phosphorus is largely a limiting nutrient in surface waters and, 
in excess, can lead to eutrophication and degradation of aquatic ecosystems. Eutrophication has 
been identified as a critical problem in the waters listed as impaired water quality in the United 
States, with agriculture the major source of nutrients in impaired lakes (50%) and rivers (60%) 
(Daniel et al., 1998).  
In addition to agriculture, another major source of P loading comes from effluent from 
municipal wastewater treatment plants. A great nutrient potential is present in municipal 
wastewater, particularly with recovered P. Researchers are currently investigating various 
recovered P sources derived from municipal wastewater as viable P fertilizers. One such source, 
struvite (MgNH4PO4 · 6H2O), is considered to be a slow-release, efficient fertilizer that can be 
recovered from both solid and liquid wastes. Recent studies worldwide are currently 
3 
 
investigating struvite’s potential as a P fertilizer; however, applications of recovered struvite 
have not been well studied in the U.S., particularly in agronomic soils. 
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Phosphorous in the Environment 
Phosphorus Supply in Natural Environment  
Phosphorus (P) is a necessary element for numerous physiological and biochemical 
processes in all forms of life. While phosphorus is the 11th most abundant element in the 
lithosphere, P is relatively scarce in the biosphere due to its low solubility (Smil, 2000). 
Phosphorus is a fundamental nutrient for plant growth and agricultural production, and is one of 
three major nutrients commonly present in fertilizers. In the soil, P exists in relatively low 
quantities due to slow diffusion and high fixation rates (Shen et al., 2011). Plants require 
sufficient quantities of P and worldwide P is largely a limiting essential plant nutrient in non-
agricultural soils. Increased food production throughout the 20th century has increased the 
demand for P in the form of fertilizer additives (Cordell et al., 2009). Consequently, from a rise 
in demand of P fertilizers, human activities have drastically altered the natural P cycle over the 
last 150 years, and will continue to govern P flows in the foreseeable future (Filippelli, 2002). 
Since the middle of the twentieth century, humans have created a nearly one-way flow of P 
through the extraction of P, which has nearly quadrupled the external flow of P in the P-cycle 
(Elser and Bennett, 2011). 
 External P inputs are required to secure current and future global needs, and large 
quantities of external P are primarily supplied by the mining of phosphorous rock (PR) reserves 
(Tiessen, 1995). However, humans are extracting PR faster than the environment is replenishing 
PR (Smil, 2000). Phosphorus rock reserves are declining around the world, and over 75% of 
existing deposits are currently excavated for commercial use (Steen, 1998). Approximately 85 to 
90% of the PR mined is actively used in agriculture, either as land applied fertilizer (80%) or 
feed additives for livestock (5-10%) (Johnston et al., 2014). Phosphorus rock reserves are 
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distributed unevenly throughout the world, and, in total, 30 countries produce phosphate from 
PR; though the top 12 countries produce nearly 93% of all phosphate (EcoSans, 2003). The 
human population consumes approximately 40 million tons of P in the form of phosphorus 
pentoxide (P2O5) each year. The demand for PR is expected to increase by 1.5% each year, and 
the amount of economically-feasibly mined PR could be exhausted in as little as 100 to 250 years 
(Liu et al., 2012). It was predicted by Cordell et al. (2009) around 15 Mt of P is mined annually, 
which is used for the production of P fertilizer. Of the annually mined P, approximately 7 Mt of 
P is harvested in crops, of which only 3 Mt would end up being consumed in food by humans 
(Suh and Yee, 2011).  Low P conversion through human consumption is an outcome of 
inefficiencies in mining production, rock processing, fertilizer manufacturing, agricultural 
production, and food processing (Rosemarin et al., 2011). The vast majority of P that is lost in 
food production system ends up in the soil and waste flows, which is a major contributor to 
environmental degradation in water resources worldwide (Suh and Yee, 2011).   
 
Phosphorus Behavior in the Environment 
Unlike nitrogen (N), which makes up approximately 78% of the atmosphere and has 
virtually a continuous supply through natural recycling in the environment, P is recycled very 
slowly and is rather scarce in the biosphere (Holford, 1997). Over millions of years, P moves 
simultaneously through an inorganic and organic cycle. In the inorganic cycle, rocks containing 
P break down and eventually form soil, from which P is gradually solubilized in trace amounts 
and transported from the land into rivers and streams. Eventually, P is transported back to the 
ocean, where P forms calcium phosphate at the bottom of the ocean floor (Follmi, 1996). 
Calcium phosphate remains on the ocean floor until calcium phosphate is eventually uplifted 
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over millions of years through geologic pressure into new sedimentary rock that is then subject 
to the process of erosion, completing the P cycle (Liu et al., 2008). Almost all land-based P is 
derived from the weathering of calcium phosphate.  
In the organic cycle, P is transferred through the biosphere from soil to plants, to animals, 
and back to soil again. Phosphorus is also transported through aquatic life in lakes, streams, and 
oceans (Liu et al., 2008). Even though P is the 11th most abundant element on Earth, P is almost 
always bonded with other elements in nature (Eco Sans, 2003). Additionally, very low amounts 
of P are available for plant uptake in the soil. Due to the low quantity of plant-available P in the 
natural environment, P is largely a limiting element in natural ecosystems around the globe. 
Phosphorus has no substitute in agricultural production, therefore future food security depends 
on obtaining a sustainable source of P (Cordell et al., 2009). 
 
Soil P 
Mobility and Movement 
 Similar to the biosphere as a whole, P in the soil is present in relatively low 
concentrations. In both inorganic and organic forms, P is very stable and insoluble, and only 
exists in trace amounts in soil solution at any point in time (Holford, 1997). The majority of P in 
soil exists in an organic form, where roughly 20 to 80% soil P is organic (Richardson, 1994; 
Schachtman et al., 1998). However, the concentration of plant-available inorganic P in soil 
solution rarely exceeds 10µg in soils (Bieleski, 1973; Shen et al., 2011). Soils vary greatly in 
their physical and chemical properties, which affect the solubility and form of P in soils. 
Important soil factors that control P solubility include clay mineralogy and absorption potential 
of the soil; pH is another primary factor that affects the solubility of nutrients in soil through the 
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abundance of iron (Fe), aluminum (Al), and calcium (Ca) ions in the soil that can bind with P 
(Holford, 1997). 
  Phosphorus is involved in several complex processes that remove P from the soil 
solution and incorporate P into a large variety of insoluble, labile (isotopically exchangeable), 
and stabile compounds (Smil, 2000). While the insolubility of P makes P less resistant to the 
negative impacts of soil leaching, the majority of P in the soil remains inaccessible to plants. In 
fact, the quantity of total P in soils has little or no relationship to the quantity of P available to 
plants, but rather, the determining factor is the form in which P exists. Plant-available P is both 
time- and plant-dependent because it is the quantity of P that exists in the soil solution at a 
specific time that can be used by that particular plant (Holford, 1997). Plants absorb only 
inorganic P ions in the soil solution, where the majority of plant-available P exists as 
orthophosphate ions H2PO4
- and to a lesser extent HPO4
2- (Shen et al., 2011; Johnston et al., 
2014; Prasad et al., 2016).  
 Apatite minerals are the dominant, primary source of P in soils (Filippelli, 2002). The 
dissolution of P from the acid-extractable, primary phosphorus mineral apatite is a key regulator 
on ecosystem productivity (Cole et al., 1977; Tiessen et al., 1984; Smeck, 1985; Roberts et al., 
1985; Crews et al., 1995; Vitousek et al., 1997; Schlensinger et al., 1998; Filippelli, 2002). As 
apatite goes through the weathering process, soluble P is released where P can be taken up by 
plants and microorganisms in the form of biomass, enter the labile pool, leach from the soil 
profile, or be transformed into secondary minerals (Smeck, 1985). As soil goes through the 
weathering process, bases and silicas are lost in soils and are replaced with Al and Fe oxy-
hydroxides which can lead to the formation of secondary Al or Fe phosphates (Tiessen et al., 
1984; Hsu, 1977). In acidic to neutral soils, Al and Fe oxy-hydroxides are the primary agent 
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controlling the dissolution of secondary minerals, specifically in fertilized soils (Nascimento et 
al., 2018). In alkaline soils, exchangeable Ca ions primarily control the dissolution of secondary 
P minerals (Tunesi et al., 1999; Nascimento et al., 2018). 
  Once P enters the soil solution from the dissolution of primary and secondary minerals, 
soluble P becomes available for plant uptake, clay adsorption, and leaching. Organic P from 
plants tissues and microbial digestion can go through the process of mineralization to transform 
organic P into inorganic P. As P is transferred, transformed, and leached from the soil, the 
buffering capacity of the soil resupplies P from both inorganic and organic fractions of the soil. 
The most important factors contributing to the availability of P in the soil are the soil’s buffering 
capacity and the existing soil P concentration (Johnston et al., 2014).    
  
Plant/Row-crop P Requirements and Uptake 
The dissolution of P in soils occurs over a long period of time and produces only low 
quantities of plant available P that is usually insufficient for plant needs. To meet plant P needs 
in agriculture, P is added in the form of phosphate fertilizers or animal manure. Producers have 
long recognized the need to maintain optimal soil fertility to maximize crop growth, and have 
been supplementing the soil with manure for thousands of years. Through the development of 
technology in the 19th and 20th centuries, fertilizers have become readily available on a large 
scale to meet the demand for intensive production agriculture (Steen, 1998). All modern 
agriculture is dependent on regular inputs of P fertilizer to resupply the P removed from the soil 
by the growing and harvesting of plants and P lost through erosion (Cordell et al., 2009). 
Through plant and microbial uptake, approximately 8.2 kg P ha-1 is removed from cropland 
worldwide by the harvesting of crops (Liu et al., 2008). It is common in Europe and the United 
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States for 30 kg P ha-1 to be removed from fertile agriculture fields per year (Johnston and Steen, 
2000).  
Within plant cells, P plays a vital role in the formation of nucleic acids, phosphoproteins 
and phospholipids, and phosphate-containing energy compounds, such as adenosine triphosphate 
(ATP) (Smeck, 1985; Shen et al., 2011). However, due to a low quantity of plant-available P in 
soil, plant uptake is often low and results in P deficiencies. In P-sufficient plants, inorganic P is 
absorbed by the roots and is moved by the xylem to new plant leaves (Jeschke et al., 1997; 
Schachtman et al., 1998). Phosphorus is also relocated from the phloem of older leaves to 
growing shoots and roots (Schachtman et al., 1998). In P-deficient plants, the flow of P from the 
xylem to new shoots and roots is restricted, thus plants compensate by translocating P from older 
leaves and transporting P to the growing leaves and roots. Plants with insufficient P exhibit 
symptoms, which include limited leaf expansion and leaf count that affects the quality of fruits 
and vegetables (Prasad et al., 2016). Phosphorus-deficient plants may also display a dark green 
discoloration due to the deprivation of carbohydrate utilization, and a purple discoloration on 
older leaves due to the accumulation of anthocyanins (Hamy, 1983; Yin et al., 2012; Prasad et 
al., 2014; Prasad et al., 2016).  
 Many plant and soil processes occur because of interactions between the rhizosphere and 
soil, plants, and microorganisms. The biological and chemical processes in the rhizosphere affect 
nutrient mobilization and microbial dynamics (Hinsinger et al., 2009; Richardson et al., 2009; 
Wissuwa et al., 2009; Zhang et al., 2010; Shen et al., 2011). The rhizosphere plays a critical role 
in nutrient efficiency and plant uptake and subsequently crop production. Variations in root 
architecture increase the acquisition of soil P in P-deficient plants through root elongation, root 
branching, distribution patterns, and root hairs (Lynch and Brown, 2008; Vance, 2008; Shen et 
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al., 2011). Additionally, mycorrhizal fungi play an important role in plant uptake of P. 
Approximately 90% of land plants form symbiotic associations with mycorrhizae (Schactman et 
al., 1998). Plant roots inhabited by mycorrhizal fungi exhibit P uptake that is three to five times 
greater than in non-mycorrhizal roots (Smith and Reed, 1997, Schactman et al., 1998). 
In intensive production agriculture, plants require additional sources of P to produce 
maximal yields. In row-crop agriculture throughout the U.S., P fertilizer is applied to various 
crop systems to enhance crop production. In 2012, the U.S. applied 1,750,000 Mg of P fertilizers 
(Stewart et al., 2016). Almost 55% of P fertilizer was used for the production of corn (Zea mays) 
and soybeans (Glycine max). Corn is the most fertilized crop in the U.S. In 2010, 78% of all corn 
cropland was fertilized with an average annual rate of 67 kg P ha-1, which resulted in the total 
land application of 780,000 Mg P (USDA-ERS 2013; Stewart et al., 2016). In addition, 23% of 
all soybean production received P fertilizer at an average annual rate of 53 kg ha-1, for a total 
usage of 155,000 Mg P (Stewart et al., 2016). Wheat (Triticum aestivum) also received 
significant amounts of P fertilizer, where 66% of wheat cropland was fertilized at an average 
annual rate of 15 kg P ha-1. In total, corn, soybeans, and wheat accounted for 1,110,000 Mg, or 
63% of the total P fertilizers applied in 2013 (USDA-ERS 2013; Stewart et al., 2016).    
In Arkansas specifically, row-crop agriculture relies on the regular inputs of P to maintain 
optimal agricultural production. A study conducted by Slaton et al. (2002) showed rice 
production on P-deficient silt loam soils in Arkansas had a 24 to 41% yield increase with an 
annual P fertilizer rate of 19.6 kg ha-1. It was also shown by Correll et al. (1993) that wheat 
growth in P-deficient soils was increased two to threefold by application of P fertilizer compared 
to wheat that did not receive any P fertilizer (Correll et al., 1993).  
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 The positive effects P fertilizers have on crop production are significant, yet the misuse 
of P fertilizers have been the cause of some negative consequences in recent decades. One of the 
largest inefficiencies in P conversion is associated with agricultural operations (Suh and Yee, 
2011). In farm operations where the application of P is required to sustain plant productivity, the 
recovery of applied P is very low. Approximately 8 million Mg of P are lost from farms per year 
through soil leaching and erosion, in which much of the P ends up in lakes and streams (Cordell 
et al., 2009).   
 
Aquatic Systems 
Clean, high quality water is a crucial resource for drinking, irrigation, recreation, fishing, 
and supporting many bio-diverse and threatened aquatic species. Throughout human history, 
rivers have been used to transport and dilute wastes (Carpenter et al., 1998).  Degradation of 
water resources has become a widespread issue in recent decades with the inputs of waste 
exceeding the natural buffering capacity of water resources. Water degradation can be defined as 
the destruction of natural systems, their component species, and the designated uses the aquatic 
system provides (USEPA, 1996; Postel and Carpenter, 1997; Carpenter et al., 1998).  
Phosphorus from agricultural runoff is a major component of non-point pollution and can 
accelerate the rate of eutrophication in lakes and streams (Daniel et al., 1998). Phosphorus is lost 
from the environment generally by surface erosion, where soil particles with adsorbed P are 
transported by overland flow into surface waters (Chardon and Schoumans, 2007). In natural 
aquatic systems, P exists in trace amounts and is often the limiting nutrient in aquatic ecosystems 
(Conley et al., 2009). Surface waters have an average soluble P concentration of 10 µg L-1, 
compared to suspended solids, which often have a P concentration of 1000 µg g-1 (Tiessen, 
13 
 
1995). Therefore, the suspended sediment is often a source of P enrichment in surface waters. 
The concentration of P in surface water depends on the rate of inflow from the surrounding 
landscape, the flow rate at which the water is moving, the quantity of P in freshwater sediments, 
and the rate of export of P to the ocean (Carpenter and Bennett, 2011).  
Excess nutrient enrichment can lead to eutrophication, which can cause detrimental 
changes to freshwater ecology, including the balance of plants species, fish, and other aquatic 
life (Syers et al., 2008). In some severe instances, eutrophication has been linked to blooms of 
cyanobacteria that make water toxic to humans and animals, deplete dissolved oxygen and 
causes fish kills, and is expensive and difficult to mitigate (Carpenter and Bennett, 2011). 
Human activities have been connected to accelerating the process of eutrophication. The 
dynamic between human activities and eutrophication was first investigated in the 1960s and 
1970s in lakes in Canada and the United States (Oglesby and Edmondson, 1966; Vollenweider, 
1970; Schindler, 1974; Middlebrooks et al., 1971). These studies revealed that the process of 
eutrophication is associated with human activities and is intensified through agricultural runoff 
and wastewater discharge into aquatic systems.  
Current eutrophication problems remain widespread in freshwater ecosystems, estuaries, 
and coastal areas throughout the United States. The Gulf of Mexico has been widely affected by 
eutrophication caused by the nutrient loading through fertilizer runoff from farms, urban 
expansion, changes in land use, industrial sources, and other non-point sources, which have 
produced large areas in the Gulf of Mexico called “dead zones”, where hypoxia caused by algal 
blooms has depleted oxygen levels and has greatly hindered aquatic life (Filipelli, 2002; USEPA, 




Phosphorus in Waste Products 
Manures 
Human activities are introducing P into freshwater sources at a rate that exceeds the 
natural levels by three times (Elser and Bennett, 2011). In order to reduce the environmental 
impact of P loading on aquatic ecosystems and the dependence on PR mining as a source of P, 
new sources of P are actively being researched as sustainable P replacements. In order to limit 
current P waste flows, reuse and recycling of P must be considered. Human and animal wastes 
contain considerable amounts of various nutrients that can be recycled for use in agricultural 
production. Manure has a long history as a soil amendment, where manure has been applied on 
farmlands to increase soil fertility for thousands of years. There are many types of manures 
utilized in agricultural production including feces, urine, bedding from livestock (animal 
manure), plant residues and plant biomass (plant manure), and a combination of decomposed 
plant and animal manure (i.e., compost; Osei, 2010). Due to manure’s nutrient consistency and 
overall abundance in livestock production, animal manure has received greater attention than 
other forms of manure (Osei, 2010).   
Throughout history, livestock and poultry production occurred on small-scale individual 
farms and the animal manure produced was subsequently recycled on cropland of the same farm 
(Stewart et al., 2016). Since the development of synthetic N and P fertilizers, soil fertility is no 
longer dependent on manure as the primary source of nutrients, which resulted in more cropland 
being utilized by farmers. Increased yields from synthetic fertilizers allowed large amounts of 
grain and soybeans to be used to develop confined-animal feeding operations (CAFO). Between 
1987 and 1997, the total number of animal livestock increased roughly 10%, while the number of 
animal-feeding operations decreased by more than half (Golleholn, 2001; Aillery, 2005).  Some 
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CAFOs can feed as many as 100,000 beef cattle, 10,000 dairy cattle, and thousands of hogs and 
poultry (Stewart et al., 2016). Confided animal feeding operations produce enormous amounts of 
manure, but the manure is generally not recycled back to cropland. Approximately 50% of 
manure is recoverable when livestock operations are confined, while only 10% is recoverable 
from livestock operations that are not confined (Kellogg et al., 2000). 
  Several sources of animal manure have been used for nutrient applications in crop 
production, where many sources, including poultry (Pagliari et al., 2012), swine (Li et al., 2014), 
beef cattle (Pagliari et al., 2012; Komiyama et al., 2014), and dairy cattle (Pagliari et al., 2012; Li 
et al., 2014), contain considerable amounts of P that could be utilized for crop production. It was 
estimated by the U.S. Department of Agriculture-Natural Resources Conservation Service 
(USDA-NRCS) that 95% of manure from poultry broilers, 75% from turkeys, 80% from dairy 
and beef cattle, and 75% from hogs could be recovered from animal feed lots (USDA-NRCS, 
1995; Stewart et al., 2016). Roughly 10% of manure from grazing animals is recoverable, yet 
most of the manure from grazing animals is recycled in the environment.  
The nutrient makeup of manure varies among sources. While animal manure is highly 
variable in nutrient consistency, manure contains approximately 50-90% inorganic P (Dou et al., 
2000; Shen et al., 2011). A study conducted in 1997 by the USDA-NRCS estimated that 
approximately 1,720,000 Mg of recoverable P can be supplied in land-applications from manure 
derived from livestock operations in the U.S. (Kellog et al., 2000). The U.S., on average, uses 
approximately 1,750,000 Mg of phosphate fertilizers per year. Consequently, recycled manure 
nearly has the capacity to supply the current P need of agricultural production (Kellogg et al., 
2000; Stewart et al., 2016). 
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Animal manure contains several nutrients besides P and substantial amounts of N are also 
present in manure. However, manure contains considerably more P than N; the N:P ratio in 
manure on average is between 2 to 4:1 (Sharpley, 2016). The N:P ratio is often problematic when 
producers manage for these nutrients individually; if manure is applied to meet N needs, then P 
is over-applied, which can result in soil-test P accumulation and potential environmental 
degradation. However, the opposite effect occurs when manure is applied to meet P needs, which 
often results in an insufficient amount of N being applied and additional N fertilizer would need 
to be supplemented (Pagliari et al., 2012; Komiyama, 2014; Sharpley, 2016).   
As interests in organic production and renewable bioenergy continue to rise, manure is 
playing an increasingly substantial role as a major source of nutrient supply in the production of 
agricultural products. However, through the addition of manure as a nutrient source for crops, 
soil amendment, and bioenergy feedstock, the positive impacts can be overshadowed by the 
negative impacts manure has on the environment (Osei, 2010). Environmental degradation has 
become an important issue with the land-application of animal manure due the significant 
amounts of nutrients that are introduced into aquatic ecosystems. In addition to excess nutrients, 
animal manure often contains pathogens that can be potentially harmful to humans (Osei, 2010). 
Environmental degradation can occur in various stages of animal production including runoff 
from production houses or field lots, improper manure storage structures, and runoff from land 
where manure is applied (Aillery et al., 2005). 
 
Wastewaters 
The primary goal of agriculture is to provide food and calories for humans to eat, and the 
majority of all food contains P. In the global food system, the P cycle is very inefficient and the 
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majority of P derived from food wastes is lost to the environment via sewer systems, wastewater 
treatment, and ultimately landfills (Suh and Yee, 2011). Approximately 98% of P in the human 
diet is lost through sewage (Smil, 2000; Øgaard and Brod, 2016). In addition, P from industrial 
wastes and detergents ultimately ends up in sewage and wastewater (Øgaard and Brod, 2016).  
 Wastewater treatment plant (WWTP) operations and designs vary among locations. 
Anaerobic treatment of industrial and municipal wastewater releases large amounts of N and P, 
which, if left untreated, can cause eutrophication upon reintroduction to rivers and streams (De-
Bashan and Bashan, 2004). Wastewater treatment plants discharging to sensitive streams and 
lakes are obliged to reduce P in wastewater effluent to ensure water quality standards in local 
aquatic systems are not impacted. The wastewater treatment industry uses several different 
techniques to remove P from wastewater. In all WWTPs, P ions in the wastewater are converted 
into the solid fraction. The solid-P fraction can be in the form of insoluble salt precipitates, 
retained in activated sewage sludge, or exist in plant biomass in constructed wetlands (De-
Bashan and Bashan, 2004). Sewage sludge (SS) is an inevitable by-product of WWTPs. Sewage 
sludge is a semi-solid material that is produced from the sedimentation process within WWTPs 
(Lamastra et al., 2018). Sewage sludge has received considerable attention over other P sources 
in WWTPs due to SS’ fate in the environment and considerable amounts of nutrients. 
Wastewater treatment plant SS is predominately disposed of in landfills or by incineration and 
some SS is being used for land-based application as a fertilizer nutrient source (Lamastra et al., 
2018). 
The production of SS in WWTPs is the result of a combination of many factors including 
primary, secondary, and sometimes tertiary treatment, the treatment technology used, the sludge 
stabilization process used, and other general WWTP operation parameters (Ivanova et al., 2018). 
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The raw SS produced through WWTP cannot be deposited into the natural environment and 
therefore must be stabilized through drying. Sewage sludge must go through a drying process 
before SS can be land-applied as a fertilizer. The drying process of SS, where energy and heat 
are used, is energy intensive and economically inefficient (Bratina et al., 2016). After SS has 
gone through the drying process, SS can be broadcast and plowed into the soil similar to other 
commercial fertilizers.  
Sewage sludge contains considerable amounts of N, P, and organic matter that can 
enhance plant growth through fertilization. Past research has shown fertilization with SS is a 
viable alternative to commercial fertilizers. Wang et al. (2016) evaluated the placement effect of 
SS fertilization on shoot and root growth. The study reported that SS fertilization increased both 
N and P availability, which increased plant uptake of both N and P (Wang et al., 2016). In 
addition, Wang et al. (2016) demonstrated that the application of localized SS increased root 
proliferation in the area where SS was applied, which resulted in increased P uptake compared to 
other treatments. Mañas and De las Heras (2018) measured yield response and nutrient uptake in 
wheat grain treated with SS, SS compost, and conventional fertilizers, and reported an increase 
in yield with an SS treatment compared to a SS compost treatment and conventional fertilizer 
treatment.  
In addition to energy usage, there are a few negative aspects associated with the use of SS 
as a fertilizer source. One major problem with the use of SS in agricultural production is that P 
fertilization with SS is highly dependent on the sewage treatment process and thus exhibits a 
large nutrient variability among different sludges (Bratina et al., 2016; De-Bashan and Bashan, 
2004; Lamastra et al., 2018). However, another more serious problem with SS lies with the small 
quantities of impurities that can be present in SS. Sewage sludge can contain many contaminants 
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from wastewater, which can include phthalates, pesticides, phenols, pharmaceuticals, illicit 
drugs, and heavy metals (Schnaak et al., 1997; Chen et al., 2015; Hörsing et al., 2011; Martín et 
al., 2015; Ivanova et al., 2018). Heavy metals are often introduced to SS through P removal 
processes. To meet government standards for P effluent, WWTPs often use chemicals containing 
aluminum and iron to recover P in SS. Due to the presence of iron, aluminum, and other heavy 
metals, SS applicability in agricultural production has become increasing less popular (Satorius 
et al., 2012; Demsidt et al., 2015).  
 
Potential Sources for P Recycling 
To combat an increasing demand for mined PR and limit P lost through waste flows, 
current research is investigating processes to effectively capture P from waste streams and 
develop strategies to recycle P for agricultural use. In the past decade, extensive research has 
been conducted in P recovery techniques and utilization of recovered P sources in agriculture 
production. Wastewater treatment plants remain a major source of the total P waste flows. To 
combat the P waste flows of WWTPs, efficient P recovery from wastewater, SS, as well as the 
ash from the incineration of SS has been a primary area of focus in modern P sustainable 
research (Sartorius et al., 2012; Cornel and Schaum, 2009).  
Most recovery processes attempt to recover phosphate from dewatering reject streams. 
The dewatering processes directs wastewaters with a high concentration of N and P into a 
precipitation/crystallization tank, which exists in either a fluidized or mixed state (Desmidt et al., 
2015). Depending on the recovery process, the product recovered can either be Ca phosphate 
(apatite) or Mg phosphate (struvite, dittmarite, or newberyite) (Driver et al., 1999; De-Bashan 
and Bashan, 2004; Massey et al., 2009). One such sources, magnesium ammonium hexahydrate 
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(MgNH4PO4 · 6H2O), commonly known as struvite, has been an area of focus of wastewater 
nutrient recovery because both N and P is removed from wastewater. Struvite is considered to be 
a slow-release, efficient fertilizer that can be recovered from both solid and liquid wastes. 
Struvite is a white crystalline material consisting of equal molar concentrations of magnesium 
(Mg2+), ammonium (NH4
+) and phosphate (PO4




 Struvite crystals can form naturally in the environment in biological residues, such as 
guano deposits and cattle manure. Crystal formation is produced by microbiological digestion in 
combination with interactions with existing P and Mg ions in the residues (Le Corre et al., 2009; 
Fattah, 2012). Struvite has also been observed in the medical field with calculi formation in 
kidneys in humans and animals (Le Corre et al., 2009). Spontaneous struvite formation is also a 
predominate problem in the wastewater treatment industry. 
Struvite was first associated with wastewater when struvite was identified by Rawn 
(1939) in digested sludge supernatant lines (Parsons et al., 2001; Doyle and Parsons, 2002). 
Problems associated with struvite accumulation in WWTPs occurred in 1963, when struvite 
deposits were identified at the Hyperion Wastewater Treatment Plant (Borgerding, 1972; Doyle 
and Parsons, 2002). Plant operators noticed an accumulation of a white crystalline deposit on the 
underside of post-digestion screens. The plant operators temporarily solved the struvite 
deposition problem by diluting the sewage stream; however, five years later, normal gravity flow 
of the pipeline decreased considerably (Doyle and Parsons, 2002). The pipe diameter had been 
reduced to half the normal size due to blockage from struvite deposition (Doyle and Parsons, 
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2002). Similar instances of spontaneous struvite deposition have been recorded in several 
locations around the world, which can be destructive to facility operations and expensive to 
mitigate (De-Bashan and Bashan, 2004; Massey et al., 2009).  
While the spontaneous deposition of struvite can be problematic in WWTPs, in recent 
years, systemic struvite recovery has become an attractive option in sustainable development due 
to struvite’s fertilizer potential (Kataki et al., 2016). Establishing a controlled system to 
precipitate and recover struvite would have a significant impact on WWTPs by eliminating 
struvite fouling in pipes, reducing pumping and downtime costs, and alleviating the need for pipe 
replacement (Parsons et al., 2001). Additional benefits of struvite recovery include reduced P and 
N loads of the sidestream and SS in WWTPs (Battistoni et al., 1998; Jaffer et al., 2002; Doyle 
and Parsons, 2002). The reduction of P and N loads has the potential to reduce the volume of 
sludge produced by the wastewater treatment process by up to 49% in specific conditions 
compared to chemical P removal, thus substantially reducing operating costs (Woods et al., 
1999; Doyle and Parsons, 2002). The potential benefits of struvite precipitation has led scientists 
to better understand the recovery processes of struvite in waste streams and waste products (De-
Bashan and Bashan, 2004; Meesschaert et al., 2007; Desmidt et al., 2014).   
 
Formation 
Struvite is formed in an aqueous solution containing NH4
+ and PO4
3-. To produce 
struvite, Mg2+ must be supplemented into solution to reach a desired 1:1:1 (Mg2+: NH4
+: PO4
3-) 
molar ratio (Kataki et al., 2016). Additional Mg sources are a necessary addition for effective 
struvite formation due the relatively low abundance of Mg2+ in wastewater. Several factors affect 
the formation of struvite that differ among waste products, wastewaters, and recovery 
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techniques. The associated ions (i.e., PO4
3-, NH4
+, and Mg2+) required in struvite formation 
undergo complex interactions that can form different crystals contingent on the ionic levels, pH, 
and temperature presents (Tansel et al., 2018).   
Struvite crystallization is controlled by two chemical phases: nucleation (crystal 
formation) and growth (crystal enlargement) (Parsons et al., 2001; Doyle and Parsons, 2002; 
Jones 2002; Le Corre et al., 2009; Fattah, 2012; Rahman et al., 2014; Kataki et al., 2016). 
Nucleation occurs through the combination of ions in solution, where crystal embryos are 
formed, and can either be homogeneous or heterogeneous (Mullin, 1992; Le Corre et al., 2009). 
In homogeneous nucleation, struvite crystal formation is produced by a supersaturation of ions 
resulting in a nuclei of high purity, whereas heterogeneous nucleation is induced catalytically by 
foreign particles serving as a foundation for nuclei formation (Ohlinger et al., 1999; Le Corre et 
al., 2009). Heterogeneous nucleation is expected to be the predominant nucleation method in 
municipal WWTPs due to the presence of foreign ions, such as organic matter and other 
particulates (Ohlinger et al., 1999; Le Corre et al., 2009). 
Crystal growth occurs after nucleation, where embryos increase in size as a result of the 
incorporation of the constituent ions until the solution reaches equilibrium (Liu et al., 2012). In 
systems with sufficient struvite constituents, crystal growth will occur indefinitely (Ohlinger et 
al., 1999). Crystal growth is dictated by two mechanisms: mass transfer and surface integration 
(Le Corre et al., 2009). During the mass transfer process, solutes are transported by diffusion, 
convection, or a combination of the two transportation methods from the aqueous solution to 
crystal surfaces (Le Corre et al., 2009; Tansel et al., 2018). Simultaneously, surface integration 
incorporates new material into the lattice structure of the struvite crystal, resulting in the 
enlargement of the crystal. Predicting nucleation and growth is difficult, as several factors, 
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including crystal condition of initial compounds, liquid-solid thermodynamics, and mass transfer 
between solid and liquid phases, affect the kinetics of crystallization (Ohlinger et al., 1999; 
Jones, 2002; Rahman et al., 2014). 
 
 Physical and Chemical Properties 
 Struvite is a white crystalline material that is formed in equal molar concentrations of 
Mg2+, NH4
+, and PO4
3- combined with six water molecules (Münch and Barr, 2001; Schoumans 
et al., 2013; Rahman et al., 2014). Struvite is arranged in a distinctive orthorhombic structure 
consisting of the three constituent ions held together by hydrogen bonds (Doyle and Parsons, 
2002; Rahman et al., 2014; Tansel et al., 2018). Pure struvite exists as a white crystalline 
powder, however, crystal size and shape vary among growth conditions (Rahman et al., 2014; 
Tansel et al., 2018). Additional struvite morphology has been classified as prismatic, pyramidic, 
star-shaped, rectangular-shaped, elongated, X-shaped, and dendritic-shaped (Prywer et al., 2012; 
Tansel et al., 2018). Struvite crystal size varies from 15 µm to 3.5 mm depending on the recovery 
process and conditions (Adnan et al., 2003; Zhang et al., 2009; Rahman et al., 2014). 
Struvite is considered to be a soft mineral that has a molecular weight of 245 g mol-1 and 
a low specific gravity of 1.7 (Liu et al., 2012). Struvite’s solubility changes as a function of pH. 
Under neutral to alkaline conditions, struvite is marginally soluble, but is readily soluble under 
acidic conditions (Chirmuley, 1994; Rahman et al., 2014). In water, the solubility of struvite is 
low with a value of 0.018 g 100 mL-1 at 25 °C and large in acid solutions with values of 0.033 
and 0.178 g 100 mL-1 at 25 °C in 0.001 and 0.01 N hydrochloric acid (HCl), respectively (Le 





Differential Struvite Recovery Processes  
Struvite recovery is most effective in waste sources that contains large concentrations of 
PO4
3- and NH4
+. Struvite recovery has been conducted in a variety of waste products, including 
anaerobic digester effluent (Plaza et al., 2007; Latifian et al., 2012; Ahmed et al., 2018) SS 
(Münch and Barr, 2001), wasted sludge (Jaffer et al., 2002), digester supernatant (Battistoni et 
al., 2000; Pastor et al., 2010), municipal landfill leachate (Kim et al., 2007), and human urine 
(Antonini et al., 2012); as well as a variety of other wastewaters, including calf (Schuiling and 
Andrade, 1999), dairy (Massey et al., 2007; Uysal and Kuru, 2015), lagoon (Westerman et al., 
2009), leather tanning (Tunay et al., 1997), industrial (Diwani et al., 2007), semiconductor (Ryu 
et al., 2012; Ahmed et al., 2018), swine (Nelson et al., 2003; Deng et al., 2006; Suzuki et al., 
2005; Suzuki et al., 2007; Rahman et al., 2011; Rahman et al., 2014), and synthetic (Adnan et al., 
2003; Rahman et al., 2014). 
 
Wastewater Recovery 
Phosphorus recovery technology is the most economically attractive for WWTPs that use 
biological nutrient removal (Gaterell et al., 2000; Jeanmaire and Evans, 2001; De-Bashan and 
Bashan, 2004). Commonly among livestock and municipal wastewaters, Mg2+ concentrations are 
generally present in lower quantities in comparison to NH4
+ and PO4
3- and therefore wastewaters 
must be supplemented with an additional source of Mg in the form of MgCl2 or MgO to optimize 
struvite crystallization and obtain the desired 1:1:1 molar ratio (Tunay et al., 1997; Schuiling and 
Andrade, 1999; Battistoni et al., 2000; Nelson et al., 2003; Suzuki et al., 2005; Suzuki et al., 
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2007; Massey et al., 2007; Diwani et al., 2007; Kim et al., 2007; Westerman et al., 2009; 
Yetilmezsoy and Zengin, 2009; Moerman et al., 2009; Rahman et al., 2014). 
Current P recovery technology has the ability to recover 10-80% of P in wastewater (De-
Bashan and Bashan, 2004). Traditionally, struvite recovery has been accomplished solely 
through the addition of chemicals; however, in recent years, electrochemical precipitation of 
struvite has shown to be a highly effective and energy-efficient process of recovering struvite. A 
study conducted by Huang et al. (2016) achieved a phosphate recovery efficiency of 99% 
through electrochemical precipitation of struvite from swine wastewater. Unlike chemical 
precipitation, electrochemical precipitation utilizes an electrolyzed Mg alloy for the source of 
Mg in the precipitation of struvite. Electrochemical precipitation utilizes an anode/cathode 
design that permits energy recovery and the anode design drives struvite precipitation. Corrosion 
of a sacrificial magnesium electrode releases Mg2+ ions into solution and allows for a more 
selective and concentrated struvite precipitate. 
 
Struvite as a Fertilizer Source 
Behavior in Soil  
Struvite contains 5.7% N, 12.6% P, and 9.9% Mg by weight, and is considered to be an 
ideal phosphate mineral for agricultural use (Nongqwenga et al., 2017). However, the nutrient 
consistency of struvite is highly dependent on the waste recovery process. Struvite’s solubility is 
low in water and soil compared to other commercial P fertilizers, such as ammonium phosphates 
and super phosphates, and thus is considered to be a “slow-release” fertilizer (Degryse et al., 
2017). Struvite’s solubility in soil is also highly dependent on soil pH, and is greatest between 
acidic to neutral soil pH, although generally decreasing with increasing soil pH (Massey et al., 
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2009). Despite being classified as a slow-release fertilizer, several studies have shown that plant-
available P from struvite is comparable to that of fully soluble, commercial P fertilizers (Cabeza 
et al., 2011; Tallboys et al., 2016; Degryse et al., 2017).  
The dissolution rate at which fertilizers mobilize in the soil is an important variable in the 
assessment of a fertilizer’s effectiveness and thus allows researchers to determine the 
environmental impacts that can be derived from the utilization of a given fertilizer. Struvite 
leaching dynamics were evaluated by Rahman et al. (2011) in an acidic soil column compared 
with the commercial fused superphosphate (FSP) (Ahmed et al., 2018). With a fertilizer 
application rate of 30-40 kg ha-1, the struvite-treated column leached 0.03 to 0.37% P, compared 
to the FSP-treated column, in which 0.23 to 0.25% P was leached over the 42-day period. At 
lower application rates, a low rate of leaching was observed with struvite compared to larger 
application rates (Rahman et al., 2011; Ahmed et al., 2018). Another leaching study conducted 
by Rothbaum and Rhode (1976) compared nutrient leaching of struvite to superphosphate, and 
the study showed 82% of P from superphosphate had leached over a 3-day period, compared to 
2.5% P leached from struvite (Ahmed et al., 2018).    
Bridger et al. (1962) examined P availability of struvite and other metal ammonium 
phosphates in several coniferous ornamentals and broadleaved evergreens and argued P 
availability was related to microbial nitrification of NH4
+ rather than the sole dissolution of P. 
The uptake of NH4
+ from plant roots, in conjunction with the conversion of NH4
+ to nitrate (NO3
-
), are acidifying processes in the soil that lead to a decrease in pH, and thus an increase in P 
mobilization and plant uptake of P (Vaneeckhaute et al., 2016). A similar effect was confirmed 
by Vaneeckhaute et al. (2016) in a study in which corn was grown in a high-P sandy soil and P-
deficient laboratory grade Rheinsand, in which struvite was compared with iron phosphate 
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(FePO4) and TSP. The study resulted in a large P-use efficiency (PUE) of the struvite application 
in corn grown in the sandy soil treated with struvite compared to the TSP treatment, and it was 
predicted that the availability of P was a product of the acidifying effect of nitrification occurring 
in the high-P sandy soil, which was a similar conclusion as resulted in Bridger et al. (1962).  
 
Response in Various Soil Textures 
 Struvite interactions in soil have not been well-studied, and even less is known about 
struvite’s soil interactions across different soil textures and soils with differing properties. 
However, there are a few studies that have examined plant response to struvite in multiple soils. 
One potted-plant study by Johnston and Richards (2003) examined the effects of 11 precipitated 
phosphates, which were comprised of seven struvite sources recovered from waste water 
discharges, laboratory synthesized struvite sources, synthetic iron phosphate, and monocalcium 
phosphate (MCP), on perennial ryegrass (Lolium perenne) grown in both a sandy loam with a 
large Olsen-P concentration and a sandy-clay-loam soil with a low Olsen-P concentration. The 
plant-P uptake for the struvite sources ranged from 5.3 to 14.8 mg P pot-1 for the sandy-loam 
soil, which was equivalent to 6 to 17% recovery of the applied P (Johnston and Richards, 2003). 
The plant-P uptake of the struvite sources was greater in the sandy-clay-loam soil, ranging from 
11.1 to 20.6 mg P pot-1, which was equivalent to an apparent recovery of 13 to 24% of the 
applied P (Johnston and Richards, 2003). Another potted-plant study by Katanda et al. (2016) 
examined plant-P uptake in a canola (Brassica napus)-spring wheat (Triticum aestivum) rotation 
grown with polymer-coated MAP (CMAP), MAP, and struvite in a Typic Haplaquent and Udic 
Boroll. The study concluded that canola grown with struvite had a plant-P uptake of 5.9 mg P kg-
1 and a P-recovery efficiency (PRE) of 43%, which was similar to the plant-P uptake from 
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CMAP and MAP (Katanda et al., 2016). However, similar to Johnston and Richards (2003), 
Katanda et al. (2016) also identified that the plant-P uptake of the struvite treatment differed 
among soils. The PRE was greater in the clay-loam soil (54%) compared to the sand (35%; 
Katanda et al., 2016). Katanda et al. (2016) suggested the increased PRE was a result of the 
gradual availability of P through subsequent crop phases, and thus less exposure of P to soil-
fixing properties over time (Katanda et al., 2016). 
Nascimento et al. (2018) monitored P mobility by examining several fertilizer sources 
including MAP, sulfur-coated MAP, humic-acid-coated MAP, TSP, ammonium potassium 
polyphosphate (AKPP), and struvite in four soils [i.e., Calcic Hapludoll (Barnes), Entic 
Hapludoll (Hubbard), Aquic Hapludoll (Normania), and a Typic Kanhaplustult from Sao Paulo, 
Brazil], varying in physical and chemical properties. The study examined concentric soil sections 
designed in increasing radii around each applied-fertilizer source over a 56-d period, and the 
study concluded P mobility was more limited with struvite than any other fertilizer source 
(Nascimento et al., 2018). Approximately 90% of the fertilizer-P remained in the first concentric 
soil section of the struvite application, and P mobility was so restricted that struvite granules 
remained intact after the 56-d incubation (Nascimento et al., 2018). Nascimento et al. (2018) 
suggested the limited P mobility of struvite was caused by the hygroscopicity of the struvite 
molecule and struvite’s low solubility in the soil. 
 
Response in Potted-plant Studies 
 Organic acids are commonly present in the rhizosphere and have been known to affect 
the availability of P in the soil and, subsequently, plant uptake of P fertilizers. A large number of 
researchers have investigated plant response to struvite in potted-plant studies; however, there is 
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a wide range of results derived from struvite fertilization. Several studies have shown a greater 
agronomic effectiveness through struvite fertilization. One such greenhouse study by Barak and 
Stafford (2006) evaluated corn grown in a P-deficient Plano silt loam (Typic Argiudoll) treated 
with DAP and struvite, and statistical analysis of dry matter (DM) production showed the corn 
treated with 36 mg struvite-P kg-1 was identical to corn grown with 100 mg DAP-P kg-1, while 
both treatments outperformed the 50 mg DAP-P kg-1 treatment and the control. Additional 
chemical analysis was conducted for the aboveground biomass in the same study, and the 
struvite treatment of 36 mg struvite-P kg-1 was equivalent to the 42 mg DAP-P kg-1 treatment, 
and therefore struvite had a relative efficiency of 117% compared to DAP (Barak and Stafford, 
2006). A more recent study by Hilt et al. (2016) evaluate struvite and MAP fertilization in 
triticale (Triticosecale) grown in a potting medium, where the study concluded struvite was 
comparable to MAP for DM yield and the struvite treatment also exhibited greater P uptake 
compared to MAP. 
  Several studies have also shown struvite to exhibit comparable plant growth or P uptake 
to other commercially available P fertilizers, including Cabeza et al. (2011) who evaluated the 
effectiveness of different P sources in corn grown in two soils with acidic to neutral soil pH, 
resulting in struvite being as effective as TSP. Pérez et al. (2009) reported no yield difference 
between TSP and struvite for corn, winter barley (Hordeum vulgare), and oilseed rape (Brassica 
napus) grown in different soils with a pH of 5.6, 6.8, and 7.1, respectively. A potted-plant study 
by Plaza et al. (2007) evaluated perennial ryegrass grown in a P-deficient loamy sand and 
reported DM in the struvite treatment was as effective as single superphosphate (SUP). 
 A few studies have also indicated a reduction in agronomic effectiveness as a result of 
struvite fertilization. Everaert et al. (2017) evaluated P-exchanged layered double hydroxides 
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(LDHs), MAP, and struvite in spring wheat grown in three different soils, where the results of 
the experiment showed a lower plant-P uptake and thus a lower agronomic effectiveness of 
struvite compared to MAP, although the study mentioned that the environmental impacts and 
potential residual value could still make struvite an attractive option given the negative results. 
Talboys et al. (2016) assessed buckwheat (Fagopyrum esculentum) and spring wheat grown in a 
potted-plant study with fertilizer applications of struvite, DAP, and TSP. The study reported 
struvite had 70% and 15% reduction in P uptake compared to DAP in spring wheat and 
buckwheat, respectively (Tallboys et al., 2016). 
 
Justification 
Scientists have identified the necessity for a sustainable P alternative to traditional P 
fertilizers derived from phosphate rock. Struvite has been viewed as a potential sustainable, 
slow-release P-fertilizer. Numerous researchers have successfully recovered struvite from 
various waste and wastewater sources (Münch and Barr, 2001; Nelson et al., 2003; Massey et al., 
2007; Rahman et al., 2014). However, struvite recovery is ideal in waste streams that contain 
large concentrations of NH4
+ and PO4
3-, which are commonly present in municipal wastewater 
treatment plants. The physical and chemical properties of recovered struvite have been well-
identified and examined in several studies (Le Corre et al., 2009; Liu et al., 2012; Rahman et al., 
2014; Tansel et al., 2018). However, less is known about struvite as a fertilizer source, and 
specifically, the interactions between struvite and the soil environment.  
Struvite’s fertilizer potential has been evaluated in a few soil incubation experiments, 
several potted-plant studies in various crops, including winter barley, buckwheat, lettuce, 
perennial ryegrass, and a few others, as well as in a few field-plot studies globally. However, 
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there is an absence of research in the scientific literature regarding struvite’s behavior in the soil 
environment, specifically in agronomic soils. Though plant response to struvite fertilization has 
been researched on a few select crops (i.e., ryegrass, lettuce, canola, and buckwheat), little 
research has been conducted on struvite’s effect on important staple, row crops, including rice, 
corn, and soybeans. Since plant response to struvite has not been well-evaluated in important 
agronomic soils, further research is necessary to provide valuable information regarding struvite-
P behavior in the soil in multiple agronomically relevant soil environments. 
 
Objectives and Hypothesis 
 The goal of this study was to evaluate the behavior of the struvite in various soil textures 
in comparison to other commercially available P fertilizers. To accomplish this goal, the specific 
research objectives for this study were two-fold. The first objective of the study was to assess the 
behavior of a simulated, wastewater-recovered struvite in a series of soil incubation experiments 
with multiple soil textures (i.e., loam, silt loam, and silty-clay loam) in a moist soil environment. 
It is hypothesized that the physical size of the struvite fertilizer application (i.e., raw pellets and 
powder) will have an impact on the dissolution behavior of struvite in various soil textures. It is 
also predicted that electrochemically precipitated struvite (ECST) will have a comparable WS- 
and WAE-P concentration to that of chemically precipitated struvite (CG; i.e. Crystal Green) and 
other traditional P fertilizers including monoammonium phosphate (MAP), diammonium 
phosphate (DAP), triple superphosphate (TSP), and rock phosphate (RP) over time. The second 
objective of the study will be to assess the behavior of a simulated, wastewater-recovered 
struvite in a series of soil incubation experiments with multiple soil textures (i.e., silt loam and 
silty-clay loam) in a flooded soil environment. It is hypothesized that CG and ECST will have a 
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comparable WS- and WAE-P concentrations over time to that of DAP, and will have a greater 
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Phosphorus (P) is an essential element for many biological processes in all forms of life. 
Phosphorus is also a fundamental nutrient in agricultural production and is one of three major 
components in common fertilizers. The majority of fertilizer-P sources are derived from rock 
phosphate (RP), which is actively mined throughout the globe, but the global abundance of PR is 
expected to be exhausted in as little as 100 to 250 years, thus a sustainable source of P is 
imperative for future food security. One possible source of P comes from the recovery of the 
mineral struvite (MgNH4PO4 ·6H2O) from wastewater treatment plant effluent. The objective of 
this study was to assess the behavior of a simulated, wastewater-recovered struvite in a plant-less 
soil incubation experiment with multiple soil textures in a moist-soil environment. Fertilizer-P 
sources, including electrochemically precipitated struvite (ECST), chemically precipitated 
struvite source (i.e., Crystal Green; CG), monoammonium phosphate (MAP), diammonium 
phosphate (DAP), triple superphosphate (TSP), and rock phosphate (RP), were added to soil cups 
at a rate of 24.5 kg of P ha-1 containing four agricultural soils from throughout Arkansas of 
varying texture (i.e., loam, silty clay loam, and two different silt loams). Soil cups were 
destructively sampled six times over a 9-month period to examine the change in water-soluble 
(WS) and weak-acid-extractable (WAE; i.e., Mehlich-3) nutrient concentrations from the initial 
over time. After 0.5 months of incubation, WS-P concentrations increased the most in the ECST 
treatment (41.6 mg kg-1), which did not differ from that from DAP. Throughout the remaining 
8.5 months of incubation, the WS-P concentrations numerically decreased in most treatments, 
but still were greater than the initial and were generally similar among CG, ECST, MAP, DAP, 
and TSP treatments. The change in WAE-Mg concentrations, averaged across soils and time, 
differed independently among fertilizer amendments (P < 0.05). The WAE-Mg concentrations 
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generally decreased in the majority of fertilizer treatments, but increased in the CG treatment 
(39.2 mg kg-1), which was likely caused by the greater Mg concentration in the struvite material. 
The comparable WS-P response among struvite and other fertilizer-P sources further support the 
findings of previous studies that have demonstrated struvite’s applicability as a possible 






 Phosphorus (P) is a fundamental element that is essential to all forms of life. After 
nitrogen (N), P is the most-limiting nutrient in agricultural production. Phosphorus plays an 
essential role in the formation of nucleic acids, phosphoproteins, phosphate-containing energy 
compounds, and phospholipids (Smeck, 1985; Shen et al., 2011). However, only a small 
proportion of P is available to plants due to relatively low solubility and strong P-fixation 
capacity in soils, thus P fertilizers are often required to maintain optimal crop yields (Holford, 
1997; Smil, 2000).  
Food production has drastically increased over the 20th century due to the technological 
advances of the green revolution and the demand for P fertilizers has consequently increased 
(Cordell et al., 2011). All commercially available fertilizer-P sources are derived from phosphate 
rock (PR), which is limited in supply in the environment and is expected to be diminished in as 
little as 100 to 250 years (Liu et al., 2012). Consequently, future food security depends on a 
sustainable source of fertilizer-P to continue to feed a growing global population (Cordell et al., 
2009). 
 Along with food and fiber production, clean water is an essential resource for irrigation, 
drinking water, and supporting many biologically diverse aquatic species. While P is essential 
for plant growth, in aquatic systems, excess P can be problematic and lead to water quality 
degradation. Excess nutrient enrichment can lead to eutrophication, which can be detrimental to 
the balance of plants, fish, and other aquatic species (Syers et al., 2008). Eutrophication remains 
a widespread water quality issue throughout much of the United States and is largely caused by 
human development and manipulations of the landscape. In areas of impaired water, agriculture 
is the primary source of nutrients in lakes (~ 50%) and rivers (~ 60%) in the United States 
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(Daniel et al., 1998; Elser and Bennett, 2011). Additionally, wastewater effluent and N 
deposition from the burning of fossil fuels are other major contributors of nutrient enrichment in 
aquatic ecosystems (Selman and Greenhalgh, 2010). 
 In addition to water quality, the current terrestrial P cycle is inefficient, where the 
majority of P in the food-production system is lost to soil and waste flows (Suh and Yee, 2011). 
Furthermore, nearly 98% of P in the human diet ends up in sewage to be treated in wastewater 
treatment plants (WWTPs; Smil, 2000; Øgaard and Brod, 2016). Wastewater treatments plants 
are required by law to remove substantial amounts of P, N, and organic matter from wastewater 
effluent streams (De-Bashan and Bashan, 2004). However, considerable amounts of P and N 
removed from effluent streams in WWTPs are retained in sewage sludge, of which ultimately 
ends up in landfills.  
Recovered P sources have been an area of active research over the last few decades to 
provide a sustainable alternative to commercial fertilizers, most of which are derived from the 
finite supply of RP. One such potential alternative source is magnesium ammonium phosphate 
hexahydrate (MgNH4PO4 · 6H2O), commonly referred to as struvite. The mineral struvite has 
been considered to be a slow-release, fertilizer-P source that can be recovered from both solid 
and liquid wastes. Struvite is white crystalline material with equal molar concentrations of 
magnesium, ammonium, and phosphate (Schoumans et al., 2015). Several greenhouse potted 
plant studies have demonstrated struvite to have a comparable plant response to other 
commercially available fertilizer-P sources (Pérez et al., 2009; González-Ponce et al., 2009; Hilt 
et al., 2016). 
Although the agronomic effectiveness of struvite has been examined in several plant 
studies, the soil-fertilizer interactions between struvite and different soil textures have not been 
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well studied in the U.S., particularly in agronomic soils. The objective of this study was to assess 
the behavior of struvite in two plant-less soil incubation experiments with multiple soil textures 
(i.e., loam, silt loam, silty clay loam) in a moist soil environment. Specific objectives included i) 
evaluation of the behavior of finely ground and pelletized forms of a chemically precipitated, 
wastewater-recovered struvite (Soil Incubation 1) and ii) assess the soil chemical property effects 
of an electrochemically precipitated struvite (ECST) material from simulated wastewater 
compared to a chemically precipitated struvite material and several other conventional P 
fertilizers (Soil Incubation 2). It was hypothesized that smaller particle size of a finely ground 
material would have greater WS- and WAE-P concentration over time due to greater reactivity 
compared to the original pellet. It was also hypothesized that both struvite sources (i.e., ECST 
and chemically precipitated struvite) will have a similar WS- and WAE-P concentration as MAP, 
diammonium phosphate (DAP), and TSP. Furthermore, it was hypothesized that both struvite 
sources would have a greater WS- and WAE-Mg concentration than other commercially 
available fertilizer-P sources due to their initially larger Mg concentration. 
 
Materials and Methods 
Soil Collection and Characterization 
 Soils were collected from various row-crop agricultural research stations throughout 
Arkansas to encapsulate a comprehensive range of physical and chemical soil properties for 
laboratory incubation experiments. In December 2017, approximately 10, 20-L buckets of four 
soils were collected from the top 10 to 15 cm. A Roxana fine sandy loam (coarse-silty, mixed, 
superactive, nonacid, thermic Typic Udifluvent) and a Dardanelle silty clay loam (fine-silty, 
mixed, superactive, thermic Typic Argiudoll; SSS-NRCS-USDA, 2015) were collected from the 
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Vegetable Research Station in Kibler, AR. The Roxana soil had a recent history of vegetable 
production, while the Dardanelle soil had a recent history of soybean (Glycine max L.) 
production. A Calloway silt loam (fine-silty, mixed, active, thermic Aquic Fraglossudalf; SSS-
NRCS-USDA, 2015), which was cropped to a wheat (Triticum aestivum)-soybean rotation for 
the previous 15 years, was collected from the Cotton Branch Experiment Station located in 
Marianna, AR. A Henry silt loam (coarse-silty, mixed, active, thermic Typic Fragiaqualf; SSS-
NRCS-USDA, 2015), which was cropped to a rice (Oryza sativa)-soybean rotation for at least 
the previous 5 years, was collected from the Pine Tree Branch Experiment Station near Colt, AR. 
After collection, soils were manually moist-sieved through a 7-mm mesh screen, air-dried for 
approximately two weeks, and stored in 20-L buckets. 
 Three replicates of soil sub-samples were prepared for each soil for physical and 
chemical analyses. Sub-samples were oven-dried at 70°C for 48 hours, mechanically crushed, 
and sieved through a 2-mm mesh screen. Particle-size analyses were conducted in triplicate for 
each soil using a modified 12-hr hydrometer method to determine the distribution of sand, silt, 
and clay (Gee and Bauder, 1986). Weight-loss-on-ignition was used to determine soil organic 
matter (SOM) concentration, which was determined over a 2-hr period of combustion using a 
muffle furnace set at 360°C (Zhang and Wang, 2014). Soil pH and electrical conductivity (EC) 
were measured potentiometrically in a 1:2 (mass/volume) soil-to-water paste ratio (Brye et al., 
2004; Sikora and Kissel 2014). Total carbon (TC) and total nitrogen (TN) concentrations were 
determined by high-temperature combustion using a VarioMax CN analyzer (Elementar 
Americas, Inc., Mt. Laurel, NJ; Provin, 2014). For each soil, an undisturbed bulk density was 
estimated using a multiple regression analyses as detailed by Saxton et al. (1986) using measured 
clay, sand, and SOM concentrations in the soil water characteristics sub-routine of the Soil-
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Plant-Atmosphere-Water Field & Pond Hydrology (SPAW) model (version 6.02.75; USDA-
NRCS, 2017). Soil sub-samples were collected from each air-dried soil to determine the air-dry 
water contents. Soil sub-samples were weighed, oven dried at 70°C for 48 hours, and reweighed 
to determine gravimetric water contents. 
 Extractable soil nutrient concentrations were also determined in triplicate for each of the 
four soils. A water extraction was performed with a 1:10 soil mass:water volume ratio, where the 
soil suspensions were agitated for 1 hour, filtered through a 0.45-µm filter, and analyzed by 
inductively coupled, argon-plasma spectrometry (ICAPS; Spectro Arcos ICP, Spectro Analytical 
Instruments, Inc., Kleve, Germany; Zhang et al., 2014) to determine water-soluble (WS) 
elemental [i.e., phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and iron (Fe)] 
concentrations. A Mehlich-3 extraction (Tucker, 1992) was conducted with a 1:10 
(mass:volume) soil:extractant solution ratio to determine weak-acid extractable (WAE) nutrient 
(i.e., P, K, Ca, Mg, and Fe) concentrations. A strong-acid digest was conducted using 
Environmental Protection Agency (EPA) method 3050B (EPA, 1996) and analyzed by ICAPS to 
determine total-recoverable (TR) elemental (i.e., P, K, Ca, Mg, and Fe) concentrations.  
 
Fertilizer-P Sources and Analyses 
 Two sources of struvite were used in this study: i) the commercially available, chemically 
precipitated struvite source Crystal Green (CG; Ostara Nutrient Recovery Technologies, Inc.) 
and ii) an electrochemically precipitated struvite (ECST) produced from synthetic wastewater by 
researchers in the Department of Chemical Engineering at the University of Arkansas. In 
addition to the two struvite sources, four additional commercially available fertilizer-P sources 
53 
 
were used in this study: triple superphosphate (TSP), monoammonium phosphate (MAP), 
diammonium phosphate (DAP), and rock phosphate (RP). 
 Fertilizer particle sizes differed among fertilizer-P sources and varied from small pellets 
(i.e., prills) to crystals to powder forms. Monoammonium phosphate, DAP, TSP and CG were in 
pelletized form, while RP was in powdered form, and ECST was in crystalline form. Of the 
pelletized fertilizer amendments (i.e., MAP, DAP, TSP, and CG), a sub-sample of 100 pellets 
was separated and the diameter of each pellet was assessed to determine the particle-size 
distribution of the pelletized fertilizers. Average diameters of the pelletized fertilizer-P sources 
were 3.4 (± 0.58) mm for MAP, 2.9 (± 0.60) mm for DAP, 3.2 (± 0.64) mm for TSP, and 2.9 (± 
0.57) mm for CG. Pelletized fertilizers were mechanically crushed and characterized in 
powdered form to facilitate comparisons between fertilizer-P sources. Crystal Green was 
characterized in both pelletized and finely ground form.  
 Similar to each soil, chemical analyses were conducted for each of the fertilizer-P 
sources. For each fertilizer source, five subsamples were used for chemical analyses. Fertilizer 
EC and pH were measured potentiometrically in a 1:2 fertilizer mass:water volume ratio (Sikora 
and Kissel, 2014). Total N and TC concentrations were determined by high-temperature 
combustion using an Elementar VarioMax CN Analyzer (Provin, 2014). Water-soluble elemental 
concentrations (i.e., P, K, Ca, Mg, and Fe) were determined after extraction using a 1:10 
fertilizer mass:water volume ratio, where the mixture was stirred for 1 hour, filtered through a 
0.45-µm screen, and analyzed by ICAPS, to represent environmentally relevant concentrations 
after interaction with rainwater. Weak-acid-extractable elemental concentrations (i.e., P, K, Ca, 
Mg, and Fe) were determined after extraction using a 1:10 fertilizer mass:extractant volume ratio 
(Tucker, 1992) and analyzed by ICAPS (Zhang et al., 2014) to represent plant-available nutrient 
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concentrations. Total-recoverable elemental concentrations (i.e., P, K, Ca, Mg, and Fe) were 
determined by ICAPS after a strong-acid digestion (EPA, 1996) to represent TR nutrient 
concentrations that could become environmentally available. Table 1 summarizes the chemical 
composition of the various fertilizer-P sources used in this study. 
 
Soil Incubation Experiments 
Phosphorus fertilizer dynamics were evaluated in moist-soil conditions in two soil 
incubation experiments to determine the behaviors of the various fertilizer-P sources in four 
agriculturally relevant soils. Both soil incubations were conducted in a climate-controlled 
laboratory setting. Humidity and air temperature fluctuations were measured throughout the 
duration of both incubations using an Acurite thermometer model 00554SBDI (Chaney 
Instrument Co., Lake Geneva, WI).  
 
Soil Incubation 1: Struvite-P Behavior in Pelletized and Finely-ground Forms 
 Soil Incubation 1 was designed to evaluate the behavior of the commercially available, 
chemically precipitated, wastewater-recovered struvite material (CG) in four agronomically 
relevant, Arkansas soils [i.e., Roxana fine sandy loam (hereafter referred to as L), Dardanelle 
silty clay loam (hereafter referred to as SiCL), Calloway silt loam (hereafter referred to as SiL 1), 
and Henry silt loam (hereafter referred to as SiL 2)] in a moist-soil environment without plants. 
Soil Incubation 1 was conducted over a six-month period from June 3 to November 19, 2018. 
Plastic soil cups, 4.5-cm tall and 10.5 cm in diameter at the top, were used throughout each soil 
incubation experiment. Five holes were drilled into the lids of the soil cups to allow some air 
exchange throughout the incubation. 
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All four soils (L, SiCL, SiL 1, and SiL 2) were used in Soil Incubation 1. Soil cups were 
prepared in triplicate for each soil-fertilizer treatment combination and destructively sampled 
five times over the 6-month incubation period (i.e., 0.5, 1, 2, 4, and 6 months). Approximately 
150 g of air-dried soil were added to each plastic cup. Fertilizer treatments included pelletized 
CG (i.e., original material with no alteration), finely ground CG (i.e., powderized), and an 
unamended control. A fertilizer application of 170.7 ± 5 mg of CG was applied to each soil cup, 
which was derived from the total-recoverable P concentration of CG and was equivalent to a 56 
kg P2O5 ha
-1 (24.5 kg P ha-1) fertilizer rate. The fertilizer rate was calculated from the average 
TR-P concentration of the CG material and a typical University of Arkansas’ recommended P-
fertilization rate for the calculated average soil test-P concentration of the four soils. After 
fertilizers were manually applied, the soil cups were individually shaken up and down and in a 
circular manner for approximately 10 seconds to mimic incorporation by tillage. Target bulk 
densities of the soil cups were determined for each soil and ranged from 0.93 g cm-3 in the SiCL 
to 1.00 g cm-3 in the L soil. A total of 180 cups were prepared for Soil Incubation 1. 
 Soil cups were gravimetrically watered to a pre-determined target weight for each soil to 
simulate a natural wetting and drying cycle. The target watering mass was derived from the 
estimated bulk densities from the SPAW model and the measured gravimetric water content  of 
the air-dried soils. The target gravimetric water contents ranged from 0.23 to 0.24 g g-1 for each 
soil and were determined from the SPAW model that estimated field moisture capacity for each 
soil. Soil cups were initially watered one day after the initiation of the incubation. Soil cups were 
wetted to each soil’s designated target mass using tap water and placed randomly on the wooden 
shelf structure. Every two weeks thereafter, all soil cups were rewetted to each soil’s designated 
target mass using tap water. Over the 2-week period, the soil cups experienced a full wetting and 
56 
 
drying cycle designed to simulate natural field conditions. An approximate soil bulk density was 
determined for each soil after several wetting and drying cycles. After some initial settling, 
resulting soil bulk densities were approximately 1.17, 1.08, 1.09, and 1.09 g cm-3 for L, SiCL, 
SiL 1, and SiL 2, respectively.  
 All soil cups were placed on a three-level, wooden shelf structure that was constructed to 
contain the soil incubation cups in the laboratory environment. The structure was 125.5 cm long, 
123 cm wide, and 73 cm tall. Soil cups were evenly and randomly distributed among the three 
levels on the shelf structure. Soil cups were rotated among the three shelves every two weeks to 
ensure the soil cups experienced uniform environmental conditions (i.e., light and air-flow 
exposure) over the course of the 6-month incubation period.  
 Soil cups were destructively sampled after incubation periods: 0.5, 1, 2, 4, and 6 months. 
Soil was removed from the plastic cups, oven-dried for 48 hours at 70°C, mechanically crushed, 
and sieved through a 2-mm mesh sieve. Water-soluble and WAE analyses were conducted, as 
previously described for initial soil samples, to evaluate extractable nutrient (i.e., P, K, Ca, Mg, 
and Fe) concentrations over time. Soil EC and pH were also measured, as previously described, 
at each sampling time. 
 Over the course of the 6-month incubation period, the ambient air temperature ranged 
from 21.1 to 22.2 oC and averaged 21.6 oC. The ambient relative humidity ranged from 54 to 
58% and averaged 56.5%. Incubation cups received regular sunlight through a window in the 
laboratory where the incubation took place along with fluorescent lighting while lights were on 





Soil Incubation 2: Struvite-P Behavior Under Moist-soil Conditions 
 Soil Incubation 2 was designed to evaluate the behavior of the two struvite sources (i.e., 
CG and ECST) compared to other common fertilizer-P sources (i.e., MAP, DAP, TSP, and RP) 
in a moist-soil environment in four Arkansas soils without plants. Soil Incubation 2 was 
conducted over a 9-month period from December 6, 2018 to August 15, 2019. Soil Incubation 2 
was conducted in a similar manner as Soil Incubation 1, in which plastic soil cups and a wooden 
tray structure were utilized in the operation of the incubation experiment. However, to 
accommodate a larger quantity of incubation cups, two, three-level, wooden shelf structures were 
required for Soil Incubation 2. 
 Similar to Soil Incubation 1, four soils (i.e., L, SiCL, SiL 1, and SiL 2) were used in Soil 
Incubation 2. Two soil cup replicates were prepared for each soil-fertilizer treatment 
combination for each of six planned sampling intervals over the 9-month incubation period. 
Approximately 150 g of air-dried soil were added to each soil cup. One of the seven fertilizer 
amendments [i.e., pelletized MAP (93.7 ± 10 mg), pelletized DAP (106.9 ± 10 mg), pelletized 
TSP (107.6  ± 10 mg), powderized RP (257 ± 10 mg), pelletized CG (170.7 ± 10 mg), 
crystallized ECST (88.5 ± 10 mg), and an unamended control] was applied to each soil cup. 
Fertilizers were applied at an agronomically relevant rate of 56 kg P2O5 ha
-1 (24.5 kg of P ha-1), 
which was derived from the recommended rate for row-crop production in Arkansas and the TR-
P concentration of each fertilizer source. After the fertilizer was added, each soil cup was 
individually shaken for approximately 10 seconds in an up-down and circular motion to 
incorporate the fertilizers in the soil and mimic a tillage operation. After fertilizers were 
incorporated, soil cups were then randomly distributed among the two, three-level wooden shelf 
structures that were placed side-by-side in the laboratory. Soil cups were rotated among shelves 
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every two weeks over the course of the incubation. In total, 336 soil cups were prepared for Soil 
Incubation 2. 
 Soil cups were watered using the identical procedure as described above for soil 
incubation 1, in which the target mass was determined for each soil based on a set target water 
content. Soil cups were initially watered on the same day as the application of the fertilizers, in 
which soil cups were wetted to a specific target mass using tap water. The target watering weight 
was derived from estimating field moisture capacity for each soil using the SPAW model. Every 
two weeks thereafter, soil cups were gravimetrically re-watered to the specific target mass using 
tap water. 
 Over the 9-month period, soil cups were destructively sampled after six incubation 
periods: 0.5, 1, 2, 4, 6, and 9 months. Soil was removed from the plastic cups, oven-dried for 48 
hours at 70°C, mechanically crushed, and sieved through a 2-mm mesh sieve. Water-soluble and 
WAE analyses were conducted, as previously described for initial soil samples, to evaluate 
extractable nutrient (i.e., P, K, Ca, Mg, and Fe) concentrations over time. Soil EC and pH were 
measured, as previously described, at each sampling time. Soil sub-samples were also extracted 
with 2 N potassium chloride (KCl) in a 1:5 soil mass:extractant volume ratio (Mulvaney, 1996) 
and analyzed spectrophotometrically to determine nitrate-N (NO3-N) and ammonium-N (NH4-N) 
concentrations over time.  
 Over the course of the 9-month incubation period, the ambient air temperature ranged 
from 21.1 to 22.2 oC and averaged 21.6 oC. The ambient relative humidity ranged from 54 to 
58% and averaged 56.5%. Incubation cups received regular sunlight through a window in the 
laboratory where the incubation took place along with fluorescent lighting while lights were on 




 Based on a completely randomized design, a one-factor analysis of variance (ANOVA) 
was conducted in SAS (version 9.4, SAS institute, Inc., Cary, NC) using the PROC GLIMMIX 
procedure to evaluate the effect of soil (i.e., L, SiCL, SiL 1, and SiL 2) on WS, WAE, and TR 
soil elemental (i.e., P, K, Ca, Mg, and Fe), SOM, TC, and TN concentrations and pH and EC.  
 Based on a split-split-plot, randomized experimental design, a three-factor ANOVA was 
conducted in SAS using the PROC GLIMMIX procedure to evaluate the effects of soil (i.e., L, 
SiCL, SiL 1, and SiL 2), fertilizer treatment (i.e., pelletized CG, finely ground CG, and 
unamended control), time (i.e., 0.5, 1, 2, 4, and 6 months), and their interactions on the change in 
soil pH, EC, and WS and WAE elemental concentrations (i.e., P, K, Ca, Mg, and Fe) from their 
initial magnitudes for Soil Incubation 1. The whole-plot factor was soil, the split-plot factor was 
fertilizer treatment, and the split-split-plot factor was time. 
 Based on a split-split-plot, randomized design, a three-factor ANOVA was also 
conducted using PROC GLIMMIX in SAS to evaluate the effects of soil (i.e., L, SiCL, SiL 1, 
and SiL 2), fertilizer amendment (i.e., MAP, DAP, TSP, RP, CG, ECST, and unamended 
control), time (0.5, 1, 2, 4, 6, and 9 months), and their interactions on the change in soil pH, EC, 
WS and WAE elemental concentrations (i.e., P, K, Ca, Mg, and Fe), and inorganic N 
concentrations (i.e., NO3
- and NH4
+) from their initial magnitudes for Soil Incubation 2. The 
whole-plot factor was soil, the split-plot factor was fertilizer treatment, and the split-split-plot 






Results and Discussion 
Initial Soil Properties 
The four soils used in this experiment exhibited a wide range of physical and chemical 
properties. Initial soil sand, silt, clay, pH, EC, SOM, TC, TN, and C:N ratio differed among the 
soils used (P < 0.05; Table 2). Soil sand, silt, and clay concentrations varied greatly among soils 
due to the different soil textural classes represented among soils. Soil sand concentration was 
lowest in the SiCL (0.07 g g-1) and greatest in the L (0.44 g g-1; Table 2). In contrast, silt and clay 
concentrations were lowest (0.46 and 0.10 g g-1, respectively) in the L, while silt was the greatest 
in the SiL 2 (0.79 g g-1) and clay was greatest in the SiCL soil (0.37 g g-1; Table 2).  
All soils exhibited a slightly acidic pH range between 6 and 7, with the most acidic soil 
being in the L (pH = 6.17) and the most alkaline conditions in the SiL 2 (pH = 6.70; Table 2). 
Additionally, soil pH was similar between the SiL 1 (pH = 6.53) and SiCL (pH = 6.50) soils 
(Table 2). Both EC and SOM were lowest (0.11 dS m-1 and 0.01 g g-1, respectively) in the L, 
whereas EC was more than double (0.27 dS m-1) and the SOM concentration was more than 
three times (0.025 g g-1) greater in the SiCL soil, in which both EC and SOM concentration were 
the largest among the four soils (Table 2). Similar to EC and SOM, TC and TN were also lowest 
(3 g kg-1; 0.3 g kg-1) in the L soil and greatest (12 g kg-1 and 1.1 g kg-1, respectively) in the SiCL 
soil (Table 2). In addition, TN was also similar in both the SiL 1 and SiCL soils (Table 2). The 
initial C:N ratio was largest for the SiCL and SiL 2 soils, which averaged 11.2, while the SiL 1 
soil had the lowest C:N ratio (9.68; Table 2).  
As expected, water-soluble (WS) elemental concentrations were generally numerically 
lower than weak-acid-extractable (i.e., Mehlich-3 extractable; WAE) concentrations, which, in 
turn, were substantially lower than total-recoverable (TR) concentrations. All WS nutrients (i.e., 
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P, K, Ca, and Mg) differed among soils (P < 0.05), with the exception of WS-Fe concentrations, 
which did not differ among soils and averaged 47.9 mg kg-1 (Table 3). Water-soluble P was 
largest in the L (11.9 mg kg-1) and lowest in the SiL 2 soil (3.70 mg kg-1; Table 3). Water-soluble 
K was greatest in the L and SiCL soils (44.7 mg kg-1) and lowest in the SiL 1 soil (25.3 mg kg-1; 
Table 3). The largest concentrations of WS-Ca (74.3 mg kg-1) and WS-Mg (28.0 mg kg-1) were 
both in the SiCL soil, whereas the lowest WS-Ca concentration was in the L (34.0 mg kg-1) and 
the lowest WS-Mg concentration was in the SiL 2 soil (16.7 mg kg-1; Table 3).  
Similar to WS concentrations, all WAE concentrations (i.e., P, K, Ca, Mg, and Fe) 
differed among soils (P < 0.05; Table 3). Initial soil WAE-P (143 mg kg-1), -Ca (4,328 mg kg-1), 
-Mg (774 mg kg-1), and -K (485 mg kg-1) concentrations were all greatest in the SiCL soil, while 
WAE-P concentrations were lowest in the SiL 2 soil (19.7 mg kg-1), and both WAE-Ca and -Mg 
concentrations were lowest in the L soil (933 and 194 mg kg-1, respectively; Table 3). 
Additionally, WAE-K concentrations were similar and lowest among the L, SiL 1, and SiL 2 
soils (145, 143, and 158 mg kg-1, respectively; Table 3). Of the WAE elements, only Fe was not 
significantly largest in the SiCL among the other three soils. Weak-acid-extractable Fe was 
largest in the SiL 2 soil (459 mg kg-1) and smallest in the SiCL soil (175 mg kg-1; Table 3). 
Total-recoverable elemental concentrations (i.e., P, K, Ca, Mg, and Fe) all differed (P < 
0.05) among soils. Similar to WAE concentrations, the greatest TR-P (672 mg kg-1), -K (5,828 
mg kg-1), -Ca (4,463 mg kg-1), -Mg (8,544 mg kg-1), and -Fe (27,880 mg kg-1) concentrations 
were in the SiCL soil (Table 3). The lowest TR-P (297 mg kg-1), -K (892 mg kg-1), and -Mg 
(1,236 mg kg-1) concentrations were in the SiL 2 soil, whereas the lowest TR-Ca (1,440 mg kg-1) 
and -Fe (8,340 mg kg-1) concentrations were in the L soil (Table 3). Due to the variations in 
initial soil properties, particularly for the extractable nutrients, the soil response in unamended 
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control treatments were subtracted from those for the amended treatments, such that results for 
all four incubation experiments represented the change from the initial status over the course of 
the incubation. 
 
Electrochemically Precipitated Struvite Properties 
Several factors affect the formation of struvite that differ among waste products, 
wastewaters, and recovery techniques. The ECST material used in this experiment was derived 
from synthetic wastewater that contained only PO4
3- and NH4
+ ions and thus, excluded impurities 
otherwise present in many other recovered-struvite sources. The result of the greater purity of the 
ECST material was numerically greater concentrations of total P (22.8%) and total N (9.3%) to 
that for CG (11.3 and 5.5%, respectively). Although several studies have reported struvite 
containing in the range of 12 to 14% total P (Johnson and Richards, 2003; Liu et al., 2012; 
Rahman et al., 2014; Nongqwenga et al., 2017), the total greater P concentration in the ECST 
material used in this study is still well within the range reported for struvite (i.e., 11 to 26% total 
P; Kataki et al., 2016). In addition, the ECST material used in this study also had a numerically 
lower Mg concentration (5.7%) than that of CG (8.0%), although this is likely again related to 
the differential recovery processed and is common among struvite sources. 
 
Bulk Density and Gravimetric Water Contents 
Soil cups were prepared for both incubation experiments with a uniform mass of air-dried 
soil, but achieved varying initial soil bulk densities due to the differences in particle-size 
distribution. Initial mean bulk densities ranged from 1.28 g cm-3 for the SiCL to 1.59 g cm-3 for 
the L soil (Table 4). Since initial estimates of soil bulk densities among all soils were < 1.6 g cm-
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3, all soils were considered non-limiting for water permeability and redistribution and gas 
exchange (Mckenzie et al., 2004). Accounting for particle-size distributions, estimated bulk 
densities, and measured SOM concentrations, target soil water contents for periodic rewetting the 
incubating soil for both incubation experiments varied only slightly among soils (± 0.003 g g-1), 
ranging from 0.201 g g-1 for the L to 0.204 g g-1 for the SiL 2 soil (Table 4).  
 
Soil Incubation 1: Struvite-P Behavior in Pelletized and Finely-ground Forms 
Change in Soil pH and Electrical Conductivity 
Several soil properties including the change in pH and EC were affected by one or more 
treatment factors evaluated (i.e., soil, fertilizer amendment, and/or sampling time) in soil 
incubation one. The change in soil pH from the initial, averaged across time, differed among 
fertilizer amendments within soils (P < 0.05; Table 5). An overall acidification effect was 
observed within the fertilized treatments (i.e., pellet and finely ground) among all soils (Figure 
1). However, the decrease in soil pH from the initial was only different than zero in the finely 
ground treatment (-0.25 pH units) in the L soil and the pellet (-0.15 pH units), finely ground (-
0.34 pH units), and control (-0.24 pH units) treatments in the SiL 1 soil (Figure 1). While the soil 
pH decreased from zero in the unamended control in the SiL 1 soil, the change in pH in the 
unamended control treatment generally remained similar to zero (Figure 1). While a general 
acidifying effect was observed in both fertilized treatments, the pellet treatment did not exhibit a 
pH change as extensive as in the finely ground treatment and the pH change was similar to zero 
in three of the four soils (i.e., L, SiCL, and SiL 2). The less drastic pH change in the pelletized 
CG treatment was likely due to a slower dissolution rate of the CG material in pelletized form, 
thus less material interacted with the soil (Degryse et al., 2016). 
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Averaged across fertilizer amendments, the change in soil pH also differed among soils 
over time (P < 0.05; Table 5). After 0.5 months, the change in soil pH was generally positive, 
with the exception of in the SiL 1 soil (-0.04 pH units), which did not change from the initial 
(Figure 2). However, the change in soil pH decreased among all soils over time thereafter, and 
by the 6-month sampling time, all soil pHs had decreased had from the initial pH (Figure 2). The 
largest decrease in pH occurred in the SiL 1 soil, which was 0.38 pH units over the 6-month 
period. The decrease in soil pH among all soils was likely related to the acidification effect 
caused by the dissolution of the CG material over time, which likely occurred as a result of 
microbial nitrification of ammonia and was similar to the conclusion by Vaneeckhaute et al. 
(2016). In addition, the decrease in soil pH can also be caused by the displacement of H+ from 
the cation exchange sites by the addition of cations from the dissolving CG material, such as 
Mg2+ that has a greater affinity for exchange sites than does H+ (Montalvo et al., 2014; 
Nascimento et al., 2018).   
The change in soil pH, averaged among soils, also differed between fertilizer 
amendments over time (P < 0.05; Table 5). Within the first 0.5 month, the change in soil pH was 
generally positive among all fertilizer amendments, and increased from the initial in the control 
and pellet treatments (0.15 and 0.19 pH units, respectively) and did not change from the initial in 
the finely ground treatment (Figure 3). Due to the alkalinity and low dissolution rate of struvite, 
the general pH increase in the first time interval was likely caused by both minimally dissolved 
struvite and soil being ground together for analysis, which resulted in a pH increase from the 
ground alkaline CG material itself, which was a similar observation made by Nascimento et al. 
(2017) and Everaert et al. (2018). As the incubation advanced, soil pH decreased among 
fertilized amendments as the Crystal Green material continued to dissolve and react with the soil. 
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After one month of incubation, and after two, four, and six months of incubation, the finely 
ground treatment had the largest decrease in pH compared to the pellet and unamended control 
treatments (Figure 3). After 6 months of incubation, soil pH decreased 0.33 and 0.24 pH units 
from the initial in finely ground and pelletized treatments, respectively. The decrease in soil pH 
from a change of zero occurred by only one month of incubation in the finely ground treatment, 
while the change in pH in the pelletized treatment took four months of incubation to be different 
than a change of zero, which was expected due to a slower dissolution rate of the pelletized CG 
(Figure 3). 
The change in soil EC differed among fertilizer amendments within soils over time (P < 
0.05; Table 5). The change in EC from the initial increased in each fertilizer amendment among 
all soils over time (Figure 4). In the first two weeks, the change in soil EC in both pelletized and 
finely ground fertilizer treatments among all soils was greater than zero, with the exception of 
the pelletized and control treatments in the SiCL soil, which was not greater than a change of 
zero until two months into the incubation (Figure 4). Additionally, within the first one month of 
incubation, the change in soil EC in the finely ground fertilizer treatment was approximately 
double the change in soil EC in the pelletized treatment among each soil (Figure 4). However, 
over time, the change in soil EC in both pelletized and finely ground fertilizer treatments was 
largest and similar among all soils by six months of incubation, except for the pelletized 
treatment in the SiCL, which was lower than finely ground treatment (Figure 4).  
 
Change in Water-soluble Soil Concentrations 
 The change in all water-soluble soil concentrations (i.e., P, K, Ca, Mg, and Fe) in soil 
incubation one differed among soil-fertilizer-amendment combinations over time (P < 0.05; 
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Table 5). Among all measured concentrations, WS-P was impacted the most by fertilizer 
amendments over time. In all soils, the change in WS-P concentration was initially greatest with 
the finely ground CG (Figure 5), which was likely the result of increased soil:fertilizer contact of 
the finely ground material, which resulted in a more rapid dissolution of P and incorporation into 
the soil (Degryse et al., 2016; Everaert et al., 2018). Although the finely ground CG treatment 
had a significantly larger WS-P concentration than the pelletized CG treatment, the theoretical 
maximum P concentration (134.7 mg kg-1) was exceeded and likely was caused by some 
incorportation of the fertilizer material upon destructive sampling. However, as time progressed, 
the change in WS-P concentrations from the finely ground CG generally decreased after the 0.5-
month sampling and was similar to the pelletized CG in all soils by the 6-month sampling, with 
the exception of the SiCL soil in which the pelletized treatment was greater than the finely 
ground treatment (Figure 5). The diminishing dissolution of finely ground struvite over time was 
a trend that was also observed by Nongqwenga et al. (2017) and was likely caused by fixation 
reactions (i.e., precipitation of Fe and Al phosphates, immobilization by soil microbes, and 
binding to clays) in the soil over time. A decreasing change in WS-P concentration was not 
prevalent in the pelletized CG because the gradual dissolution of the pelletized treatment has a 
reduced P-fixation effect on the soil as the pelletized CG slowly solubilized P over time 
(Degryse et al., 2017). The change in WS-P concentrations in the pelletized CG in the SiCL soil 
was greater at the 6- than at the 0.5-month sampling, which was expected, but did not occur in 
the other soils (Figure 5). The general trend in WS-P concentration in the pelletized amendment 
was a positive change from the initial, where WS-P concentration with the pelletized CG 
numerically increased from the initial in three of the four soils (i.e., L, SiCL, and SiL 2, 
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respectively). However, the change in WS-P over time with the pelletized CG was complex and 
varied among soil textures throughout the incubation.  
 The change in WS-K concentrations also differed among soil-fertilizer combinations over 
time (P < 0.05; Table 5). No clear trend in the change WS-K emerged among fertilizer 
amendments in the SiCL soil (Figure 6). However, in the L, SiL 1, and SiL 2 soils, a general 
increase in the change in WS-K concentrations was observed in the finely ground and pelletized 
treatments over time (Figure 6). The change in WS-K concentrations in the L, SiL 1, and SiL 2 
soils was normally more dynamic in the pelletized treatments, whereas the finely ground 
treatments were generally more static over time (Figure 6). Initially, the change in WS-K 
concentrations were generally negative in the pelletized and control treatments and generally 
positive in the finely ground treatments among soils (Figure 6). However, by the 6-month 
sampling, the change in WS-K concentrations was greater than zero in all fertilized treatments in 
each soil, with the exception of the finely ground treatments in the L and SiCL soils, which did 
not differ from a change of zero (Figure 6). 
 Apart from the finely ground and control treatments in the SiCL soil, the change in WS-
Ca concentration generally increased among all other fertilizer treatments and soils over time 
(Figure 7). In the L, SiL 1, and SiL 2 soils, the change in WS-Ca concentrations in all treatments 
increased after the 0.5-month sampling as the incubation progressed. By 6 months, the change in 
WS-Ca concentration was the largest in both the finely ground and pelletized treatments in the L, 
SiL 1, and SiL 2 soils, and the changes in both treatments were greater than zero among all soils 
(Figure 7). Although the change in WS-Ca varied in the SiCL soil over time, the finely ground 
and pelletized treatment were also similar by the 6-month sampling (Figure 7). Additionally, the 
change in WS-Ca in all finely ground was greater than the change in the control treatments at 
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every sampling, whereas the change in WS-Ca in all pelletized treatments was only greater than 
the change in the control after the 2-month sampling (Figure 7). 
 Similar to the change WS-P, the change in WS-Mg concentration among fertilized 
amendments (i.e., pelletized and finely ground CG) was dependent on the dissolution rate of CG 
and followed a similar trend over time. The dissolution of CG in the finely ground and pelletized 
form occurred at different rates, which led to a lower initial change in WS-Mg concentrations in 
the pelletized compared to the finely ground treatment in all soils (Figure 8). Over time, the 
change in WS-Mg was positive and increased in the pelletized treatment in all soils and was 
greatest by the 6-month sampling (Figure 8). The change in WS-Mg in the finely ground was ~ 
10 times greater than in the pelletized treatment in each soil at the 0.5-month sampling, which 
was likely caused by the introduction of Mg ions in the soil from the dissolution of the finely 
ground CG material. After 1 month, the change in soil WS-Mg concentration in the finely 
ground treatment generally remained constant in all soils, with the exception of in the L, in 
which the change in WS-Mg concentration increased over time in the finely ground treatment 
(Figure 8). By the 6-month sampling, the changes in WS-Mg concentration were similar between 
finely ground and pelletized treatments in the L and SiCL soils and greater in the finely ground 
than in the pelletized treatment in the SiL 1 and SiL 2 soils (Figure 8). 
 In contrast to the aforementioned WS elements (i.e., P, K, Ca, and Mg), the changes in 
WS-Fe concentrations among soil-fertilizer combinations over time were complex and no clear 
relationship was present (Figure 9). The changes in WS-Fe concentration from the initial soil 
condition in all treatments were all negative and less than zero (Figure 9). The greatest 
magnitude in change of WS-Fe concentrations occurred in all fertilizer treatments in the SiL 2 
soil, followed by all fertilizer treatments in the L soil, which decreased the most from the initial 
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condition and differed from a change of zero (Figure 9). While the change in WS-Fe was 
significant within fertilizer amendments among soils over time, time had only a minimal effect 
on the change in WS-Fe concentration (Figure 9).  
 
Change in Weak-acid-extractable Soil Concentrations 
Overall, many WAE soil concentrations generally followed similar trends as their WS 
concentrations. The change in WAE soil concentrations were also generally numerically larger 
than the change in WS concentrations likely due to the increased availability from the weak-acid 
extraction. Similar to WS concentrations, the change in WAE concentration were also affected 
by one or more treatment factors (i.e., soil, fertilizer amendment, and time). The change in 
WAE-P differed among fertilizer amendments within soils over time (P < 0.05; Table 5). The 
transformation of both WS- and WAE-P from the initial soil concentration followed a similar 
trend. In both WS- and WAE, the change in P concentration was initially greatest in the finely 
ground Crystal Green, compared to the pelletized or control treatments among all soils (Figure 
10). The greatest initial change in WAE-P concentrations occurred in the finely ground treatment 
in the SiCL soil after the 0.5-month sampling, which was 274 mg kg-1 (Figure 10). The greater 
WAE-P concentrations in the finely ground CG in the SiCL were likely related to the greater 
initial WAE-P concentration in the SiCL soil, which allowed for a greater concentration of P to 
exist in soil solution. In addition, as previously mentioned, the greater surface area caused the 
finely ground material to become available in the soil incubation earlier than with the pelletized 
material. However, the greater initial clay content, OM, and Fe concentration in the SiCL soil 
greatly reduced the WAE-P concentration from the 0.5-month sampling, as P transformed into 
less available forms, which was similar to the findings reported by Nongqwenga et al. (2017) and 
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Nascimento et al. (2018). The change in WAE-P concentration in the pelletized treatment in all 
soils did not differ from a change of zero until the 2-month sampling, in which WAE-P 
concentrations increased in all pelletized treatments in all soils (Figure 10). Over time, the 
change in WAE-P concentration generally decreased in all finely ground and increased in all 
pelletized treatments (Figure 10). The gradual availability of WAE-P in the pelletized CG was 
indicative of the gradual dissolution of the CG pellets over time (Degryse et al., 2016). By 6 
months, the change in WAE-P concentrations was similar between the finely ground and 
pelletized treatments in each individual soil, with the exception of the SiCL soil, in which the 
pelletized had a greater change in WAE-P (+132 mg kg-1) than the finely ground treatment 
(+86.6 mg kg-1; Figure 10). Nongqwenga et al. (2017) suggested that struvite dissolution is 
limited in soils with high P and/or Mg concentrations, yet this was not observed in the current 
soil incubation experiment, as the change in WAE-P concentrations were generally lower in all 
treatments in the SiL 1 and SiL 2 soils, which had low initial P and Mg concentrations, and 
generally greater in the SiCL and L soils (Figure 10). Additionally, multiple studies (Hilt et al., 
2016; Degryse et al., 2016; Robles-Aguilar et al., 2020) have suggested that soil pH is a primary 
factor controlling struvite-P release, yet this study shows no difference between WAE-P 
concentrations by the 6-month sampling in the L and SiL 2 soils with soil pHs of 6.17 and 6.70, 
respectively (Figure 10). 
The change in WAE-K concentration differed among soils and differed over time (P < 
0.05; Table 5). Averaged across fertilizer amendments and time, the change in WAE-K was 
negative and differed from a change of zero in all soils. The change in WAE-K concentration 
was the least negative and similar in the L soil (-20.1 mg kg-1) and SiL 1 Soil (-28.4 mg kg-1) and 
had the greatest decrease from zero in the SiCL soil (-128.7 mg kg-1). While the effect of time 
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was significant, averaged across fertilizer amendments and soils, an obvious trend was not 
observed. The change in WAE-K was again negative and differed from a change of zero at all 
sampling times, where the most-negative change from the initial condition in WAE-K 
concentration occurred by the 2-month sampling (-61.9 mg kg-1) and the most-positive change 
occurred by the 6-month sampling (-42.8 mg kg-1).  
The change in WAE-Ca concentration differed among soils over time (P < 0.05), but, 
similar to WAE-K, the change in WAE-Ca concentration was unaffected by fertilizer 
amendment (Table 5). While the change in WAE-Ca concentrations differed among soils over 
time, time generally did not have a substantial impact, with only slight variations in WAE-Ca in 
each soil over the duration of the incubation. In addition, two of the four soils (i.e., SiL 1 and SiL 
2) had similar WAE-Ca concentrations at the 0.5 and 6-month samplings (Figure 2). The change 
in WAE-Ca concentrations predominantly differed among soils, where the greatest change in 
WAE-Ca concentration occurred in the SiL 1 soil at every time interval (Figure 2). The change 
in WAE-Ca concentration in the SiL 1 soil was the only positive change that occurred, where all 
other soils experienced a negative change in WAE-Ca concentration from the initial condition 
(Figure 2). The largest decrease in WAE-Ca occurred in the SiCL soil in every sampling, which 
was approximately double and triple the decrease in the SiL 2 and L soils, respectively (Figure 
2). Considerable variability was measured in initial WAE-Ca concentrations and likely had the 
largest impact on the change in WAE-Ca concentrations over time. 
Like WS- and WAE-P, the change in WS- and WAE-Mg demonstrated similar trends. 
Similar to WS-Mg, the change in WAE-Mg concentration differed among soil-fertilizer 
treatment combinations over time (P < 0.05; Table 5). Among all measured concentrations, 
WAE-Mg concentrations were impacted the most by the different soils use in the incubation. The 
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SiCL and SiL 2 soils generally had a negative change in WAE-Mg throughout the soil 
incubation, yet exhibited a similar trend in the change in WAE-Mg over time to the L and SiL 1 
soils, which had a positive change in WAE-Mg over time (Figure 11). The change in WAE-Mg 
was generally initially greatest in the finely ground treatment in all soils at the 0.5-month 
sampling (Figure 11), which was again likely related to the influx of Mg ions from the finely 
ground CG material. However, after the 0.5-month sampling, the change in WAE-Mg 
concentration differed among soils within the finely ground treatment. The change in WAE-Mg 
in the SiL 1 and SiL 2 soils decreased after 1 month and remained fairly consistent thereafter. 
The change in WAE-Mg concentration in the SiCL soil decreased for two months and then 
remained fairly consistent thereafter. The change in WAE-Mg concentration in the L soil 
remained similar throughout the incubation (Figure 11). The pelletized had an opposite trend of 
the finely ground treatment, where the pelletized treatment initially had the smallest change in 
WAE-Mg concentration by the 0.5-month sampling in all soils (Figure 11). By the 2-month 
sampling, all pelletized treatments had an increased change in WAE-Mg concentration (Figure 
11). The increased positive change in WAE-Mg concentration in the pelletized treatment at the 
2-month time interval was likely caused by the start of CG dissolution in the pelletized 
treatments. After two months, the change in WAE-Mg remained fairly consistent in all pelletized 
treatments and, by six months, the change in WAE-Mg concentrations in the pelletized treatment 
was similar to that in the finely ground treatment in three of the four soils (i.e., L, SiL 1, and SiL 
2), and was greater in the pelletized than in the finely ground treatment in the SiCL soil (Figure 
11). Generally, both fertilized treatments had larger (i.e., positive) changes than the control in 
each soil at every sampling time.  
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Averaged across sampling times, the change in WAE-Fe concentrations differed among 
fertilizer amendments within soils (P < 0.05; Table 5). In the L, SiCL, and SiL 1 soils, the finely 
ground treatment had the largest change in WAE-Fe concentrations compared to either the 
control or pelletized treatment, with the exception of the pelletized treatment in the SiCL soil, 
which had a similar change in WAE-Fe as the finely ground treatment (Figure 1). Additionally, 
the change in WAE-Fe concentrations in both SiCL and SiL 1 soils were the only soils that 
exhibited a positive change in both finely ground and pelletized treatments that were also 
different than a change of zero (Figure 1). In the L soil, only the finely ground treatment had a 
change greater than zero, whereas the pelletized and control treatments had changes that were 
similar to zero (Figure 1). The change in WAE-Fe concentrations in the SiL 2 soil was negative 
and different than a change of zero in all fertilizer treatments (Figure 1).  
Averaged across fertilizer treatments, WAE-Fe concentrations also differed among soils 
over time (P < 0.05; Table 5). The change in WAE-Fe was the greatest in the SiCL soil and 
smallest in the SiL 2 soil at every sampling time (Figure 2). The change in WAE-Fe 
concentrations in all soils generally increased at each time interval to the 2-month sampling, 
where thereafter the change in WAE-Fe concentration decreased (Figure 2). By six months, the 
change in WAE-Fe concentrations was only positive and different than a change of zero in the 
SiCL soil (Figure 2). 
Averaged across soils, the change in WAE-Fe concentration differed among fertilizer 
amendments over time (P < 0.05; Table 5). The change in WAE-Fe concentration was the 
greatest in the finely ground treatment and larger than the control at every time interval, whereas 
the pelletized treatment was similar to the control at every time interval (Figure 3). Additionally, 
the change in WAE-Fe concentration generally increased from the initial condition after 1 and 2 
74 
 
months and decreased in all treatments thereafter (Figure 3). Between the 2- and 4-month 
samplings, the largest change in WAE-Fe concentrations occurred, with a decrease in all 
treatments of ≥ 70 mg kg-1 (Figure 3). 
 
Soil Incubation 2: Struvite-P Behavior Under Moist-soil Conditions 
Change in Soil pH and Electrical Conductivity 
 For Soil Incubation 2, the change in soil pH from the initial differed among soil-fertilizer 
treatment combinations over time (P < 0.05; Table 6). The change in soil pH was complex and a 
clear trend was not observed across fertilizer amendments and usually differed among soils 
(Table 7). Over the duration of the incubation, soil pH generally decreased from the initial in all 
soil-fertilizer combinations. In the L soil, by 0.5 months of incubation, soil pH increased the 
most from the initial in the ECST (0.43 pH units), which did not differ from that for CG, RP, and 
UC treatments (Table 7). Soil pH decreased from the initial in the MAP treatment (-0.12 pH 
units), which did not differ from that for DAP (Table 7). As the incubation progressed, a net 
acidification effect was observed throughout all fertilizer amendments in the L soil, which was 
likely caused by the dissolution of the fertilizers and the introduction of cations, such as Ca2+, 
Mg2+, and NH4
+, which have a greater affinity for exchange sites than do H+ ions (Montalvo et 
al., 2014; Nascimento et al., 2018). Additionally, another major source of soil acidity was likely 
caused by microbial nitrification of the NH4-containing fertilizers, such as MAP, DAP, CG, and 
ECST (Vaneeckhaute et al., 2016). By 9 months of incubation, soil pH had decreased from the 
initial in all treatments and the greatest pH decrease occurred in the DAP treatment (-0.92 pH 
units; Table 7).  
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In contrast to the pH change in the L soil, soil pH at least numerically increased from the 
initial after 0.5 months of incubation in all fertilizer treatments in the SiCL soil. By 0.5 months 
of incubation, the CG treatment had the greatest increase in soil pH (0.40 pH units) in the SICL 
soil, which did not differ from that for DAP, TSP, RP, and UC treatments (Table 7). After 1 
month of incubation, soil pH increased from the initial and was similar among all fertilizer 
treatments (Table 7). By 2 months of incubation and thereafter, soil pH generally decreased 
among all fertilizer amendments in the SiCL soil. Soil pH possibly decreased later in the 
incubation in the SiCL soil due to the likely greater cation exchange capacity (CEC) of the SiCL, 
in which the SiCL soil had greater initial SOM and clay concentrations that have an increased 
capacity to resist change to additional H+ ions (Brady and Weil, 2002; Sposito, 2008b). 
Additionally, after 9 months of incubation, soil pH generally decreased from the initial in all 
fertilizer amendments in the SiCL soil. Similar to the L soil, by the 9-month sampling interval, 
the greatest decrease in pH in the SiCL soil occurred in the DAP treatment (-0.50 pH units), 
which did not differ from that for MAP and ECST (Table 7). In addition, RP, CG, and UC were 
the only treatments in which the change in pH from the initial did not differ from a change of 
zero by the 9-month sampling interval (Table 7). 
Similar to the pH change in L soil, fertilizer treatments in the SiL 1 soil (i.e., the well-
drained SiL soil) displayed a similar trend in which soil pH decreased from the initial earlier in 
the incubation. By 0.5 months of incubation, soil pH decreased from the initial and was similar 
among all treatments (Table 7). Like the L and SiCL soils, soil pH generally decreased over time 
in all fertilizer treatments and decreased from the initial in all treatments by 9 months of 
incubation. After 9 months of incubation, the pH decreased the most from the initial in the DAP 
treatment (-1.23 pH units), which did not differ from that for MAP (Table 7). Soil pH decreased 
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the least in the RP treatment (-0.58 pH units), which did not differ from that for TSP, CG, ECST, 
and UC (Table 7). Soil pH decreased the most in the SiL 1 out of the four soils, which was likely 
caused by a low CEC of the initial SiL 1 soil that would have reduced the ability of the soil to 
buffer a pH change caused by the dissolution of the P fertilizers (Brady and Weil, 2002).  
Early in the incubation, the pH change in fertilizer amendments in the SiL 2 soil (i.e., the 
poorly drained SiL soil) exhibited a similar trend as the pH change in the SiCL soil. By 0.5 
months of incubation, soil pH from all fertilizer amendments increased from the initial, except 
for MAP, which did not differ from a change of zero (Table 7). In addition, soil pH increased the 
most from the initial in the ECST treatment (1.15 pH units) at the 0.5-month sampling (Table 7). 
In contrast to other soils, soil pH did not considerably change over time in most of the fertilizer 
amendments in the SiL 2 soil. After 9 months of incubation, the change in soil pH in MAP, TSP, 
RP, and CG was similar to the pH change in each individual fertilizer treatment that occurred 
after only 0.5 months of incubation (Table 7). However, by the 9-month sampling interval, soil 
pH decreased from the 0.5-month sampling in only the UC, ECST, and DAP treatments. Overall, 
soil pH increased from the initial in RP and UC (0.25 pH units), decreased from the initial in 
MAP and DAP (-0.20 and -0.40 pH units, respectively), and did not differ from a change of zero 
in TSP, CG, and ECST (< 0.05 pH units) at the 9-month sampling (Table 7). The greater 
variability of soil pH change in the fertilizer amendments in the SiL 2 soil over time was likely 
related to the lower buffering capacity of the SiL 2 soil, in which a low initial SOM 
concentration and low concentration of exchangeable cations decrease the soil’s ability to resist a 
major change in soil pH (Brady and Weil, 2002). 
Averaged across fertilizer amendments, the change in EC differed among soils over time 
(P < 0.05; Table 6). Over the duration of the incubation, soil EC continuously increased among 
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all soils, which was likely due to the influx of soluble soil constituents from the continuous 
breakdown of the P fertilizers (Fageria et al., 2002). In each of the four soils, soil EC increased 
from the initial during the first 0.5 months of incubation, in which the greatest increase in soil 
EC occurred in the SiCL soil, which did not differ from that for the SiL 1 and SiL 2 soils, and 
was greater than that for the L soil (Figure 12). Soil EC increased from the initial and continued 
to increase in each soil in the subsequent months of the incubation, and generally varied only 
slightly among soils. Between 0.5 and 9 months of incubation, the change in soil EC more than 
doubled in all soils. After 9 months, soil EC had increased more in the SiCL soil than in any 
other soil (Figure 12). Additionally, the smallest increase in EC after 9 months occurred in the L 
soil (Figure 12).  
Averaged among soils, the change in soil EC from the initial also differed among 
fertilizer treatments over time (P < 0.05; Table 6). Soil EC increased from the initial in all 
fertilizer treatments over the first 0.5 month of the incubation (Figure 13). In addition, after 0.5 
months of incubation, soil EC increased from the initial more for MAP (214 dS m-1) and DAP 
(248 dS m-1) treatments, which did not differ, than that for TSP (159 dS m-1) , which did not 
differ from that for CG, ECST, RP, and UC (Figure 13). The considerable difference in soil EC 
among fertilizer amendments is likely caused by the different dissolution rates of the P 
fertilizers. After 1 month of incubation, soil EC increased in the DAP treatment, which was 
greater than that for ECST, MAP, and CG, which did not differ. Soil EC also increased from the 
initial in the TSP treatment, which did not differ from that for RP, but was less than that for 
ECST (Figure 13). Between 2 and 6 months of incubation, soil EC continued to increase in all 
fertilizer amendments and typically followed a similar trend as the increase in soil EC in all 
fertilizers after 1 month of incubation. After 9 months of incubation, soil EC approximately 
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doubled in all fertilizer amendments from that of their respective values after 0.5 months of 
incubation, which was likely caused by the continued release of soil micro- and macronutrients 
into soil solution (Fageria et al., 2002). The greatest increase in soil EC from the initial occurred 
in the DAP treatment (594 dS m-1), followed by MAP (510 dS m-1) , which did not differ from 
that for CG (487 dS m-1) and ECST (482 dS m-1) after 9 months of incubation (Figure 13). 
 
Change in Soil Nitrate and Ammonium Concentrations 
 The change in soil NO3-N and NH4-N concentrations differed among soil-fertilizer 
treatment combinations over time (P < 0.05; Table 6). Generally, the change in soil NO3-N 
concentration increased over time across soil-fertilizer treatment combinations, except after 9 
months of incubation, in which soil NO3-N concentrations at least numerically decreased in the 
L, SiL 1, and SiL 2 soils. The general gradual increase in soil NO3-N was likely caused by 
microbial nitrification that converted applied NH4
+ from the NH4
+-containing fertilizers (i.e., 
MAP, DAP, CG, and ECST) and the existing NH4
+ in the soil into NO3
- over time. Additionally, 
the change in soil NO3-N concentration was at least numerically greater in the fertilizer 
treatments in both the SiL 1 and SiL 2 soils than in either the L or SiCL soils (Table 8). A 
possible explanation for the difference in soil NO3-N response among soils was likely related to 
the greater initial soil NO3-N concentration in the SiL 1 and SiL 2 soils (Table 3), as well as the 
different CECs of the soils used in the incubation. 
After 0.5 months of incubation, soil NO3-N concentrations increased from the initial in 
the DAP-L, CG-L, ECST-SiCL, and all fertilizer treatments in the SiL 1 and SiL 2 soils, while 
soil NO3-N concentrations did not change from the initial in all other treatment combinations 
(Table 8). Additionally, soil NO3-N increased the most in the DAP-SiL 2 and CG-SiL 2 
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combinations than in any other soil-fertilizer treatment combination after 0.5 months of 
incubation. In the L, SiL 1, and SiL 2 soils, soil NO3-N increased more from the initial from 
DAP than from all other fertilizer treatments in every subsequent sampling time, with the 
exception of the ECST-SiL 1 combination after 1 month and the MAP-L combination after 9 
months, which did not differ from that for DAP (Table 8).  
In the SiCL soil, soil NO3-N changes from the initial were similar among all treatments 
after 1 and 2 months of incubation and averaged 7.0 and 11.9 mg kg-1, respectively (Table 8). 
Although similar among all fertilizer treatments after 2 months, soil NO3-N concentrations 
significantly increased from the initial only in the MAP, DAP, CG, ECST, and UC treatments, 
while soil NO3-N
 concentrations did not change from the initial in TSP or RP treatments (Table 
8). The greater CEC of the SiCL soil was likely the reason that soil NO3-N
 concentrations were 
relatively stable among fertilizer amendments earlier in the incubation due to the soil’s ability to 
attract cations, such as NH4
+, and limit nitrification (Fenn and Kissel, 1976). After 4 and 6 
months of incubation, soil NO3-N concentrations increased more from the initial in the DAP, 
MAP, and ECST treatments, which did not differ, than in any other treatment in the SiCL soil 
(Table 8). The soil response by the 4- and 6-month sample intervals was expected due the greater 
solubility of MAP and DAP treatments and the greater surface area of the ECST treatment 
compared to the other fertilizer-P sources, which may have triggered a similar quick response as 
shown for the finely ground CG treatment in Soil Incubation 1. Similar to the other soils, after 9 
months of incubation, soil NO3-N
 concentrations increased the most from the initial in the DAP 
treatment (98.8 mg kg-1) than in any other treatment in the SiCL soil (Table 8). 
In contrast to the general increase in soil NO3-N from initial concentrations in all 
fertilizer-soil combinations over time, soil NH4-N
 concentrations generally decreased over time 
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among fertilizer-soil combinations. Although a general decrease was observed among fertilizer 
treatments, the primary decrease occurred in the NH4-containing fertilizers (i.e., MAP, DAP, 
CG, and ECST) and generally did not substantially change among other fertilizer treatment 
combinations over time (Table 9). After 0.5 months of incubation, soil NH4-N
 concentration 
increased from the initial in all MAP, DAP, CG, and ECST treatments in all soils, apart from the 
CG-SiL 2 combination, which not differ from a change of zero (Table 9). Additionally, after 0.5 
months of incubation, soil NH4-N concentrations increased from the initial more in DAP than in 
any other fertilizer treatment among all soils (Table 9). After 1 month of incubation, the soil 
NH4-N concentration had increased from the initial in ECST-SiCL combination and in all MAP, 
DAP, and CG treatments, with the exception of the MAP-SiL 2 combination, which did not 
change from the initial, while in all other treatment combinations, soil NH4-N concentration did 
not change from the initial (Table 9). After 4 months of incubation, soil NH4-N concentration 
continued to decrease in the NH4-containing fertilizers. After 4 months of incubation, soil NH4-N 
concentration increased from the initial in the DAP-L, DAP-SiCL, CG-SiCL, DAP-SiL 1, and 
CG-SiL 1 combinations and did not change from the initial in all other treatment combinations 
(Table 9). The greater solubility of DAP and the continued slow-release dissolution of CG were 
likely the major factors contributing to the continued greater soil NH4-N concentration in the 
DAP and CG treatments over time. After 6 months of incubation, soil NH4-N concentration 
increased from the initial in only the DAP-L, DAP-SiCL, and CG-SiL 1 combinations and did 
not differ from a change of zero in all other treatment combinations (Table 9). After 9 months of 
incubation, soil NH4-N concentration increased from the initial in the DAP-SiCL and CG-SiCL 
combinations and in all fertilizer treatment combinations in the SiL 1 soil, except for the RP-SiL 
1 combination, which did not change from the initial, while soil NH4-N concentration in all other 
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treatment combinations also did not change from the initial (Table 9). The general increase in 
soil NH4-N concentration observed in all fertilizer treatments in the SiL 1 soil at the 9-month 
sampling interval was unexpected and the immediate cause is unknown.  
 
Change in Water-soluble Soil Concentrations 
The change in WS-P and -K concentrations, averaged across fertilizer amendments, 
differed among soils over time (P < 0.05; Table 6). Over the first two months of the incubation, 
WS-P increased from the initial in all soils, but increased more in the loam (34.7 and 30.7 mg kg-
1, respectively) than that for any other soil (Figure 12). The substantially greater WS-P 
concentration in the loam soil was likely related to the greater initial WS-P concentration in the 
loam than in the other soils (Table 3). After 4 months of incubation, WS-P concentrations had 
decreased among soils, but the WS-P concentration from the L, SiCL, and SiL 1 soils was 
greater than the initial concentration, whereas the WS-P concentration for the SiL 2 soil did not 
differ from the initial concentration (Figure 12). Also at the 4-month sampling interval, WS-P 
was greater from the initial more in the loam soil, which did not differ from that in the SiCL, 
than that for either the SiL 1 or SiL 2 soils (Figure 12). At the 6- and 9-month sampling intervals, 
WS-P concentrations continued to numerically decrease but WS-P still increased from the initial 
and were similar in the L (17.7 and 14.6 mg kg-1, respectively) and SiCL (9.28 and 10.6 mg kg-1, 
respectively) soils and had not changed from the initial in SiL 1 and SiL 2 soils. The change in 
WS-P concentrations at least numerically decreased over time due to the decreasing solubility of 
the fertilizers later in the experiment and the transformation of WS-P into less available forms 
(Nongqwenga et al., 2017). 
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In contrast to the general decrease in WS-P from the initial in all soils, the change in WS-
K concentration generally increased from the initial in all soils over time. However, WS-K 
concentrations initially decreased from the initial, and after one month of incubation, WS-K had 
decreased from the initial in the L (-5.39 mg kg-1), SiCL (-10.4 mg kg-1), and SiL 1 (-4.01 mg kg-
1) soils and had not changed from the initial in the SiL 2 soil (Figure 12). By 2 months of 
incubation, WS-K concentrations had decreased from the initial in all soils (Figure 12). The 
decrease in WS-K concentrations in the first two months of incubation was likely caused by 
fixation of available K+ ions by clays in all soils (Korb et al., 2005). However, after 4 months of 
incubation, WS-K concentrations had at least numerically increased in all soils. At both the 6- 
and 9-month sampling intervals, WS-K concentrations had increased from the initial in the SiCL 
(3.14 and 8.86 mg kg-1, respectively), SiL 1 (5.02 and 4.74 mg kg-1, respectively), and SiL 2 
(7.34 and 5.49 mg kg-1, respectively) soils and had not changed from the initial in the loam soil 
(Figure 12). The increase in WS-K concentration later in the incubation was likely cause by the 
influx of divalent cations (i.e., Ca2+ and Mg2+) from the dissolution of fertilizers that likely 
replaced weakly sorbed K ions on exchange sites (Korb et al., 2005). 
 The change in WS-P concentrations also differed among fertilizer amendments, averaged 
across soils, over time (P < 0.05; Table 6). By 0.5 months of incubation, WS-P concentrations 
had increased from the initial in the MAP, DAP, TSP, CG, and ECST treatments (20.1, 35.2, 
21.3, 30.8, and 41.6 mg kg-1, respectively) and did not differ from the initial in RP and the UC 
(Figure 13). Out of all fertilizer amendments, WS-P concentration increased more from the 
initial in the ECST treatment, which did not differ from that for DAP, than any other fertilizer 
treatment at the 0.5-month sampling (Figure 13). The greater WS-P concentration in the ECST 
after 0.5 months of incubation was likely caused by the smaller particle size and greater 
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fertilizer-to-soil contact associated with the ECST material, which likely led to faster dissolution 
and incorporation of P into the soil (Degryse et al., 2016; Everaert et al., 2018). After 1 and 2 
months of incubation, WS-P concentration at least numerically decreased among fertilizer 
treatments, but the WS-P concentration had increased the most in the CG treatment (29.2 and 
21.5 mg kg-1, respectively), which did not differ from MAP, DAP, TSP, and ECST. Additionally, 
the WS-P concentration from the RP and UC treatments did not differ from the initial after 1 and 
2 months of incubation (Figure 13). By 4 months of incubation, the change in WS-P continued to 
generally decrease in all fertilizer amendments, with the exception of CG, which remained fairly 
consistent between 2 and 4 months. The consistency in the CG treatment was likely related to the 
gradual dissolution of the CG material, which likely has a reduced P-fixation effect, as the 
fertilizer is slowly solubilized over time (Degryse et al., 2016). After both 6 and 9 months of 
incubation, WS-P concentration continued to decrease among fertilizer amendments, but the 
WS-P concentration was again similar among all fertilizer treatments and greater than the initial, 
except for RP and UC, which did not differ from the initial (Figure 13). Water-soluble P 
concentrations likely did not change from the initial in the RP treatment throughout the 
incubation due to RP’s very low solubility, which limited the WS-P concentration. 
 Averaged across sampling times, the change in WS-K, -Ca, and -Mg concentrations 
differed among fertilizer amendments across soils (P < 0.05; Table 6). The change in WS-K 
concentrations among soil-fertilizer combinations was complex and a clear trend was not 
observed among a majority of the fertilizer treatments. Water-soluble K concentrations increased 
from the initial in the DAP-L, DAP-SiCL, DAP-SiL 1, DAP-SiL 2, MAP-SiL 2, and CG-SiL 2, 
did not change from the initial in CG-L, ECST-L, CG-SiCL, ECST-SiL 1, TSP-SiL 2, RP-SiL 2, 
and UC-SiL 2, and decreased from the initial in all other soil-fertilizer treatment combinations 
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(Figure 14). Water-soluble K concentrations likely increased more in the DAP treatments than 
other fertilizers because the initial WS-K concentration of the DAP fertilizer was numerically 
greater than MAP, TSP, CG, and ECST treatments (Table 1). However, the variable response in 
soil WS-K concentration among fertilizers and soils was likely caused by the combination of 
factors including differential initial WS-K concentrations among the different soils used in the 
incubation, as well as the influx of various cations (i.e., NH4
+, Ca2+, Mg2+) from the different 
fertilizers that could affect the soil-solution cation concentration (Montalvo et al., 2014; 
Nascimento et al., 2018). Additionally, the various carrier cations associated with each P 
fertilizer were considerably different across all fertilizers, which may have impacted WS-K 
concentration response. The cations derived from each fertilizer included NH4
+ from MAP and 
DAP, Ca2+ from TSP and RP, and Mg2+ and NH4
+ from CG and ECST.  
 Unlike the change in WS-K concentrations, the change in WS-Ca concentrations among 
fertilizer amendments exhibited a more consistent trend across soils. Water-soluble Ca 
concentrations increased from the initial in all soil-fertilizer treatment combinations, but were at 
least numerically greater in all fertilizer treatments in the SiL 1 and SiL 2 than in either the L or 
SiCL soils (Figure 14). The greater WS-Ca concentrations in SiL 1 and SiL 2 was likely caused 
by the lower CECs of the SiL 1 and SiL 2 soils. Additionally, in all soils, WS-Ca concentrations 
increased more from the initial in the DAP treatment than in any other fertilizer amendment, 
which was somewhat unexpected since DAP had an initial WS-Ca concentration that was 
approximately 70 and 15 times less than that for the TSP and MAP treatments, respectively 
(Table 1; Figure 14). The possible cause of the substantially greater increase in WS-Ca 
concentration in the DAP treatment could have been caused by the substantial pH change that 
generally occurred in the DAP treatment, which likely impacted the proportion of acids and 
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bases on exchange sites (Mengel, 1993). Within the L and SiCL soils, WS-Ca concentration 
increased from the initial and was intermediate in TSP (52.2 and 42.2 mg kg-1, respectively), 
MAP (70.0 and 56.4 mg kg-1, respectively), CG (59.0 and 50.8 mg kg-1, respectively), and ECST 
(64.4 and 59.1 mg kg-1, respectively) and increased from the initial and was smallest in the RP 
(27.2 and 25.3 mg kg-1, respectively) and UC treatments (26.5 and 25.6 mg kg-1, respectively), 
which did not differ (Figure 14). Additionally, in the SiL 1 soil, WS-Ca concentrations increased 
more from the initial in MAP (91.4 mg kg-1), which did not differ from that for ECST (81.1 mg 
kg-1), than in the TSP and CG treatments (65.9 and 73.0 mg kg-1, respectively). In the SiL 2 soil, 
WS-Ca concentrations increased from the initial more in MAP (99.1 mg kg-1) than that for TSP, 
CG, and ECST treatments (60.9, 74.3, and 78.0 mg kg-1, respectively), which did not differ 
(Figure 14). Water-soluble Ca concentrations were likely at least numerically lower in the CG 
and ECST treatments among all soils than in the MAP or DAP treatments due to the initial WS-
Ca concentrations, which were considerably lower in the two struvite sources (Table 1). Like the 
L and SiCL soils, WS-Ca concentrations increased from the initial and was smallest in the RP 
and UC treatments in both SiL 1 (44.8 and 48.0 mg kg-1, respectively) and SiL 2 (41.0 and 46.0 
mg kg-1, respectively) soils (Figure 14). 
 Although part of the interaction, WS-Mg concentrations were affected more by the 
different soils used in the incubation than the different fertilizer amendments. Like the change in 
WS-Ca concentrations, the change in WS-Mg concentrations were substantially lower in all 
fertilizer amendments in the L and SiCL soil than that in the SiL 1 and SiL 2 soils, which was 
again, likely related to the greater CEC of the L and SiCL soils (Figure 14). Within the L soil, 
WS-Mg concentrations increased from the initial in the MAP, DAP, CG, and ECST treatments, 
decreased from the initial in RP and UC treatments, and did not change from the initial in the 
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TSP treatment. Additionally, WS-Mg concentrations were greatest in the CG treatment in the L 
soil (15.3 mg kg-1), which would be expected due to the greater initial concentration of Mg in the 
CG fertilizer (Table 1). In the SiCL soil, WS-Mg concentrations did not change from the initial 
in the MAP, DAP, CG, and ECST treatments and had decreased from the initial in the TSP, RP, 
and UC treatments. Within the SiL 1 and SiL 2 soils, the WS-Mg concentration had increased 
from the initial in all fertilizer treatments, but increased the most in the DAP treatment (33.7 and 
27.8 mg kg-1, respectively) than that for any other treatment (Figure 14). In the DAP treatment, a 
more complete dissolution of the fertilizer pellet was observed over time and likely released a 
greater concentration of cations which resulted in greater WS-Mg concentration increase than 
that in the other P fertilizers, despite having a low initial WS-Mg concentration in the DAP 
fertilizer (Table 1). 
 Averaged across fertilizer amendments, WS-Ca and -Mg concentrations also differed 
among soils over time (P < 0.05; Table 6). In all soils, WS-Ca concentrations had generally 
increased over time and were roughly four times greater in each soil by the end of the incubation 
(i.e., 9 months; Figure 15). The general increase in WS-Ca concentrations was likely caused by 
the influx of cations by the dissolving fertilizers, which replaced Ca ions on soil exchange sites. 
By 0.5 months of incubation, WS-Ca concentrations increased from the initial and were similar 
among all soils (Figure 15). However, by 1 month of incubation, WS-Ca concentrations had 
increased from the initial in the L (28.6 mg kg-1), SiL 1 (25.2 mg kg-1), and SiL 2 (31.9 mg kg-1) 
soils, and had not changed from the initial in the SiCL soil (Figure 15). After 2- and 4 months of 
incubation, WS-Ca concentrations continued to increase in all soils, and increased more in the L, 
SiL 1, and SiL 2 soils, which did not differ, than in the SiCL soil (Figure 15). The greater CEC 
of the SiCL soil likely limited the impact of the fertilizers on WS-Ca concentrations in the SiCL 
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soil and reduced the overall increase in WS-Ca concentrations that was observed in the other 
soils. By 9 months of incubation, WS-Ca concentrations had increased from the initial in all soils 
but the greatest increase occurred in the SiCL (148 mg kg-1), SiL 1 (165 mg kg-1), and SiL 2 (164 
mg kg-1) soils, which did not differ (Figure 15). 
  Like the change in WS-Ca concentrations, WS-Mg concentrations also generally 
increased across soils over time. By 0.5 months of incubation, WS-Mg concentrations had 
decreased from the initial in the L (-10.6 mg kg-1) and SiCL (-10.5 mg kg-1) soils and had not 
changed from the initial in SiL 1 and SiL 2 soils (Figure 15). After 1 month of incubation, WS-
Mg concentrations had increased from the initial in SiL 1 and SiL 2 soils and had decreased from 
the initial in the L and SiCL soils (Figure 15). Water-soluble Mg concentrations were likely 
lower in the L and SiCL soils due to increased CEC in both soils, in which a greater 
concentration of cations were adsorbed by the soil and ultimately would buffer an increased 
caused by the influx of cations from dissolving fertilizers (Mengel, 1993; Brady and Weil, 2002; 
Montalvo et al., 2014; Nascimento et al., 2018). Generally, WS-Mg concentrations continued to 
increase in all soils, although the WS-Mg concentration in the SiCL soil did not differ from the 
initial after 6 months of incubation (Figure 15). After 6 and 9 months of incubation, WS-Mg 
concentrations had increased the most from the initial in the SiL 1 (34.5 and 48.4 mg kg-1, 
respectively) than both L and SiL 2 soils. As the dissolution of fertilizers continued throughout 
the incubation, WS-Mg concentrations had increased from the initial in all soils by the 9-month 
sampling interval (Figure 15).  
 Averaged over soils, the change in WS-Ca and -Mg concentrations also differed among 
fertilizer amendments over time (P < 0.05; Table 6). Similar to the change in soils over time, the 
change in WS-Ca concentrations generally increased among all fertilizer amendments over time 
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(Figure 16). Between 0.5 and 9 months of incubation, WS-Ca concentrations increased by 
approximately five times in each fertilizer treatment, which was likely caused by the continued 
dissolution of fertilizers over time.  
 Generally, in the beginning of the incubation, WS-Ca concentrations were relatively 
similar among fertilizer amendments. After 0.5 months of incubation, WS-Ca concentrations 
increased from the initial and were similar among all fertilizer treatments, except for RP and UC 
treatments, which did not differ from the initial (Figure 16). After 1 month of incubation, 
differences in WS-Ca concentrations among the majority of fertilizers had already emerged. 
After 1 month of incubation, WS-Ca concentrations had increased from the initial and were 
greatest in the DAP treatment (40.0 mg kg-1) which did not differ from MAP, CG, and ECST 
treatments. The change in WS-Mg concentration also had increased from the initial and was 
intermediate for TSP and the WS-Ca concentrations did not change from the initial in the RP and 
UC treatments (Figure 16). By the 2- and 4-month sampling intervals, WS-Ca concentrations had 
increased more from the initial in DAP than any other treatment and was intermediate in ECST, 
which did not differ from MAP and CG (Figure 16). Additionally, WS-Ca concentrations had 
increased the least from the initial in the RP and UC treatments (Figure 16). As previously 
described, the WS-Ca concentration was likely greater in the DAP treatment due to pH response 
of DAP caused by the faster dissolution rate. After 6 months of incubation, WS-Ca 
concentrations increased in all fertilizer treatments, but did not vary from the trend at the 4-
month sampling. After 9 months of incubation, WS-Ca concentrations were still greater than the 
initial in all fertilizer treatments and had increased more in the DAP (197 mg kg-1) than in any 
other treatment. Additionally, after 9 months of incubation, WS-Ca concentration had increased 
more in the MAP (170 mg kg-1) than in than in the TSP, CG, and ECST treatments, which did 
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not differ (Figure 16). A greater WS-Ca concentration in MAP and DAP may have occurred due 
to a more complete dissolution of the fertilizer pellet over the course of the incubation, which 
was not observed for all fertilizers. The smallest increase in WS-Ca concentrations, once again, 
occurred in the RP (109 mg kg-1) and UC (115 mg kg-1) treatments after 9 months of incubation 
(Figure 16). Although RP had the largest WS-Ca concentration among all fertilizers (Table 1), 
the low dissolution rate of RP likely limited the WS-Ca response in the RP treatment. 
 Like the change in WS-Ca concentrations, the change in WS-Mg concentrations 
generally increased among fertilizer amendments over time. After 0.5 months of incubation, WS-
Mg concentrations had not changed from the initial in CG and ECST treatments and decreased 
from the initial in MAP (-5.2 mg kg-1), DAP (-4.8 mg kg-1), TSP (-4.0 mg kg-1), RP (-9.8 mg kg-
1), and UC (-10.7 mg kg-1) treatments (Figure 16). After 1 month of incubation, WS-Mg 
concentrations had increased from the initial in the ECST, decreased from the initial in the RP 
and TSP, and did not change from the initial in all other fertilizer treatments (Figure 16). A 
greater concentration of WS-Mg would be expected in the ECST treatment due to the 
composition of the struvite, which contained the greatest concentration of WS-Mg of all the P 
fertilizers (Table 1). After 2 months of incubation, WS-Mg concentrations had increased from 
the initial in the MAP, DAP, CG, and ECST treatments, decreased from the initial in RP, and did 
not change from the initial in all other treatments (Figure 16). The drastic increase in WS-Mg 
concentrations in MAP and DAP treatments by the 2-month sampling was likely related to 
greater dissolution rate of MAP and DAP, which would have influenced the cations in soil 
solution, such as Mg. After 4 months of incubation, WS-Mg concentrations had continued to 
increase among fertilizers and increased from the initial in the MAP, DAP, CG, and ECST 
treatments, but did not differ from the initial in all other treatments (Figure 16). After 6 months 
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of incubation, the slow release properties of CG were apparent, as the WS-Mg concentration 
increased more from the initial in CG, which did not differ from DAP, than in any other fertilizer 
treatment (Figure 16). After 9 months of incubation, WS-Mg concentrations had increased from 
the initial in all fertilizer treatments, except for the unamended control, which did not differ from 
the initial (Figure 16). Like at the 6-month sampling, WS-Mg concentrations increased more 
from the initial in the DAP (44.0 mg kg-1) and CG (43.2 mg kg-1) than for any other treatments 
after 9 months of incubation.  
 The change in WS-Fe concentrations differed among fertilizer-soil treatment 
combinations over time (P < 0.05; Table 6). The change in WS-Fe concentrations was complex 
and a clear trend was not observed across fertilizer amendments and usually differed among soils 
over time. The WS-Fe concentrations generally decreased among fertilizer treatments over time 
in all soils, which was likely caused by precipitation reactions, in which available P and Fe ions 
would precipitate into less available iron phosphates (Tiessen et al., 1984; Holford, 1997; Table 
10). Despite the similar initial WS-Fe concentrations among soils (Table 3), WS-Fe 
concentrations generally decreased more from the initial in the L and SiL 2 soils, which was 
likely caused by the different CECs of the soils and the different WS-P response in each soil.  
 In the L soil, after 0.5 months of incubation, WS-Fe concentrations had decreased the 
most from the initial in the UC (-46.5 mg kg-1), which did not differ from that for DAP, TSP, RP, 
and ECST (Table 10). After 1 month of incubation, WS-Fe concentrations had decreased from 
the initial and were similar among all treatments (Table 10). Generally, WS-Fe concentrations 
continued to decrease in the L soil over time and typically varied only slightly (± 2.9 mg kg-1) 
among treatments. After 6 months of incubation, WS-Fe concentrations had decreased the most 
in the DAP (-48.6 mg kg-1), which did not differ from that for MAP, TSP, CG, ECST, and UC 
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treatments (Table 10). After 9 months of incubation, WS-Fe concentrations decreased the most 
from the initial in MAP (-48.4 mg kg-1), which did not differ from that for DAP, CG, ECST, and 
UC (Table 10). 
 In the SiCL soil, after 0.5 months of incubation, WS-Fe concentrations had decreased the 
most from the initial in the CG (-37.5 mg kg-1), which did not differ from that for the MAP, 
DAP, TSP, and ECST treatments. Similar to the L soil, the change in WS-Fe concentrations 
slightly decreased over time and only slightly varied (± 2.9 mg kg-1) among fertilizer treatments 
between 1 and 6 months of incubation. After 9 months of incubation, WS-Fe concentrations had 
decreased the most in the ECST (-39.7 mg kg-1), which did not differ from that for the MAP, 
DAP, TSP, CG, and UC treatments (Table 10). 
 The change in WS-Fe concentrations in SiL 1 and SiL 2 soils generally followed a 
similar trend, where, after 0.5 months of incubation, WS-Fe concentrations had decreased the 
most from the initial in RP (-37.0 and -55.3 mg kg-1, respectively; Table 10), which did not differ 
from that for the MAP, DAP, and UC treatments in each individual soil. Additionally, after 0.5 
months, WS-Fe concentrations in the RP-SiL 1 did not differ from that for the CG-SiL 1 
treatment combination and WS-Fe concentrations in the RP-SiL 2 did not differ from that for the 
TSP-SiL 2 and ECST-SiL 2 treatment combinations (Table 10). In both the SiL 1 and SiL 2 
soils, after 1 month of incubation, WS-Fe concentrations had decreased from the initial and were 
similar among all treatments in each individual soil (Table 10). After 2 months of incubation, 
WS-Fe concentrations had decreased the most from the initial in the MAP and DAP treatments, 
which did not differ in each individual soil. In the SiL 1 soil, after 4, 6, and 9 months, WS-Fe 
concentrations had numerically decreased the most in the DAP treatment (-40.3, -40.5, and -40.1 
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mg kg-1, respectively). In the SiL 2 soil, after 6 and 9 months, WS-Fe concentrations had 
numerically decreased the most in the MAP treatment (-58.8 and -58.9 mg kg-1, respectively).   
 
Change in Weak-acid-extractable Soil Concentrations 
 The change in all WAE soil concentrations were generally numerically larger than their 
WS soil concentrations due to the greater availability from the weak-acid extraction. The change 
in WAE-P concentrations, averaged over time, differed among fertilizer treatments across soils 
(P < 0.05; Table 6). In the L, SiL 1, and SiL 2 soils, WAE-P concentrations at least numerically 
increased from the initial and were similar among MAP, DAP, TSP, CG, and ECST treatments 
(Figure 17). Additionally, WAE-P concentrations in the MAP, DAP, TSP, CG, and ECST 
treatments were greater than from the RP and unamended control treatments in each soil (Figure 
17). Despite the slower dissolution rate of the two struvite sources (i.e., ECST and CG), similar P 
availability was observed among the struvite sources and MAP, DAP, and TSP, where a similar 
result has been reported in several previous studies (Cabeza et al., 2011; Katanda et al., 2016; 
Talboys et al., 2016; Hall et al., 2020). In the SiCL soil, the change in WAE-P concentrations 
was much more complex. The WAE-P concentrations increased the most from the initial in the 
CG treatment (223 mg kg-1), which was approximately four times greater than for any other 
fertilizer-P source (Figure 17). However, the unexpected WAE-P concentration increase in the 
CG treatment was caused by a substantially greater WAE-P concentration in the 6-month 
sampling interval (2027 mg kg-1), which was greater than the theoretical maximum P increase of 
the fertilizer-P sources (134 mg kg-1) and impacted the overall mean WAE-P concentration in the 
SiCL soil. As previously mentioned in Soil Incubation 1, CG pellets often remained intact 
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throughout the incubation and one or more pellets were likely finely ground and analyzed with 
the soil as the soil cup was destructively sampled.  
 Averaged over fertilizer amendments, WAE-K, -Ca, and -Fe concentrations differed 
among soils over time (P < 0.05; Table 6). Although part of the interaction, WAE-K 
concentrations were affected more by the different soils used in the incubation than time. 
Generally, WAE-K concentrations decreased from the initial in all soils over time, except for the 
L soil, which generally was similar to the initial over time. Weak-acid-extractable K 
concentrations generally decreased among soils, which may have been a result of the drying 
process upon destructive sampling, which may have facilitated K fixation by clays (Korb et al., 
2005; Sposito, 2008a). The change in WAE-K concentration decreased from the initial after 0.5 
months of sampling in the SiCL (-133 mg kg-1), SiL 1 (-39.4 mg kg-1) and SiL 2 (-38.5 mg kg-1) 
soils; however, the change in WAE-K generally did not substantially change over time (Figure 
18). The change in WAE-K concentrations varied slightly (± 20 mg kg-1) in the L soil over time, 
but generally did not differ from the initial in the majority of sampling intervals, which was 
somewhat expected due to the lower clay concentration of the L compared to the other three soils 
(Table 2; Figure 18). Weak-acid-extractable K concentrations had decreased the greatest from 
the initial in the SiCL soil at every sampling interval due to a greater concentration of 
exchangeable K ions in the SiCL soil, which were likely fixed by clays in each soil (Korb et al., 
2005; Sposito, 2008a), yet decreased the most after 4 months of incubation (-157 mg kg-1). The 
larger overall decrease in WAE-K concentrations in the SiCL soil was likely caused by the 
greater clay concentration of the SiCL compared to the other three soils (Table 3).  
 Similar to the change in WAE-K, the change in WAE-Ca concentrations generally 
decreased and was relatively stable across soils over time (Figure 18). Weak-acid-extractable Ca 
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concentrations likely decreased due to similar soil fixation processes as WAE-K concentrations, 
although a decrease in WAE-Ca concentration was somewhat unexpected due to the influx of Ca 
ions in soil solution by the dissolving fertilizers. Also similar to WAE-K, the change in WAE-Ca 
concentrations was affected more by the different soils than time (Figure 18). Weak-acid 
extractable Ca concentrations decreased more from the initial in the SiCL soil after 0.5 months of 
incubation (-1095 mg kg-1) than any other soil, and was substantially lower than all soils in the 
subsequent sampling times (Figure 18), which was again likely related to the greater clay 
concentration and Ca fixation in the SiCL soil. The relatively large decrease in WAE-Ca 
concentration, which was approximately 25% of total WAE-Ca concentration in the SiCL, was 
somewhat unusual and the cause was not immediately clear.Additionally, WAE-Ca 
concentrations decreased from the initial the least in the L soil, which likely occurred due to a 
limited fixation of Ca caused by a low clay concentration in the L soil. In all soils, a slight 
increase in WAE-Ca concentration was observed after 2 months of incubation, which also 
correlated with same time in which visible signs of dissolution and considerable physical 
breakdown of the fertilizers were observed. The increased dissolution at the 2-month sampling 
interval may have increased WAE-Ca concentrations by the conversion of WS-Ca into less 
available forms, such as WAE-Ca. However, after the 2-month sampling, WAE-Ca 
concentrations had decreased in all soils as fertilizer solubility slowed and WAE-Ca 
concentrations were once more primarily affected by fixation reactions. After 9 months of 
incubation, WAE-Ca concentrations again decreased the most from the initial in the SiCL soil (-
1009 mg kg-1) and decreased the least in the L soil (-74.2 mg kg-1). 
 Averaged across soils and time, the change in WAE-Ca concentration also differed 
among fertilizer amendments (P < 0.05; Table 6). Weak-acid-extractable Ca concentrations 
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decreased from the initial in all fertilizer treatments, yet decreased the most in the CG treatment 
(-554 mg kg-1) and decreased the least in the TSP treatment (-454 mg kg-1). The general decrease 
in WAE-Ca concentration in all fertilizer treatments was again likely related to the fixation of 
WAE-Ca to clays that occurred throughout the experiment. The change in WAE-Ca 
concentrations likely decreased the least in the TSP treatment because of the rapid dissolution of 
the TSP fertilizer pellets, which also had the greatest initial concentration of WAE-Ca compared 
to other fertilizers (Table 1). Unlike TSP, the initial WAE-Ca in the CG material was the lowest 
among all fertilizers and likely was not fully solubilized over the course of the incubation, even 
after 9 months (Table 1). 
 The change in WAE-Mg concentration, averaged across soils and time, also differed 
among fertilizer amendments (P < 0.05; Table 6). Weak-acid-extractable Mg concentrations 
increased from the initial in CG (39.2 mg kg-1) and decreased from the initial in all other 
fertilizer treatments, with the greatest decrease occurring in the RP treatment (-87.3 mg kg-1). 
The greater WAE-Mg concentration in the CG treatment was expected due to composition of 
struvite, in which Mg is part of the chemical makeup of struvite (i.e., MgNH4PO4 *6H2O). 
Additionally, the lower WAE-Mg concentration in the RP throughout the incubation was also 
expected due to the lowest initial WAE-Mg fertilizer concentration in the RP treatment and the 
relatively low dissolution rate of RP (Table 1). 
 The change in WAE-Mg concentrations, averaged over fertilizer amendments and time, 
also differed among soils (P < 0.05; Table 6). The change in WAE-Mg concentrations varied 
substantially among soils. Weak-acid-extractable Mg concentrations decreased from the initial in 
the SiCL and SiL 2 soils and did not differ from the initial in L and SiL 1 soils. The greatest 
decrease in WAE-Mg concentrations occurred in the SiL 2 soil (-135 mg kg-1) and the greatest 
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numerical increase in WAE-Mg concentration occurred in the SiL 1 (16.2 mg kg-1). The variable 
WAE-Mg response was somewhat unexpected since the initial WAE-Mg concentration was 
intermediate in the SiL 1 and SiL 2 soils (Table 3) and the direct cause of this variation is not 
immediately clear. 
 Like WAE-P concentrations, the change in WAE-Fe concentrations, averaged over time, 
differed among fertilizer-soil treatment combinations (P < 0.05; Table 6). The change in WAE-
Fe concentrations was complex and varied considerably across fertilizer treatments among soils. 
The majority of the variation in WAE-Fe concentrations was likely caused by the variable initial 
WAE-Fe concentrations of the soils used in the incubation, where the initial WAE-Fe 
concentrations for both the SiCL and SiL 1 soils were significantly lower than that for the L and 
SiL 2 soils (Table 3). Additionally, WAE-Fe concentrations generally increased from the initial 
among soil-fertilizer combinations in the SiCL 1 and SiL 1 soils, but with a few exceptions 
(Figure 17). The WAE-Fe concentrations generally did not differ from the initial in the L soil, 
except for DAP, which was greater than the initial (15.6 mg kg-1; Figure 17). Additionally, 
WAE-Fe concentrations decreased from the initial in the SiL 2 soil (Figure 17). In all soils, 
WAE-Fe concentrations were lower in the RP and CG treatments, which did not differ from the 
unamended control, than in any other fertilizer treatment. The lower WAE-Fe concentrations 
may have been caused by the slower dissolution rate of RP and CG that would have prolonged 
the precipitation reactions of soil-solution P and exchangeable Fe, leading to a shift in the 
equilibrium concentration to the solution phase rather than the solid phase of the soil. 
 Like WAE-Ca and -Mg concentrations, the change in WAE-Fe concentrations, averaged 
over fertilizer amendments, differed among soils over time (P < 0.05; Table 6). The change in 
WAE-Fe concentrations generally increased over time but varied substantially among soils. As 
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previously mentioned, the variable WAE-Fe response in all soils was likely greatly affected by 
the initial WAE-Fe concentrations, where the initial WAE-Fe concentration for both the SiCL 
and SiL 1 soils were significantly lower than in the L and SiL 2 soils (Table 3). After 0.5 months 
of incubation, WAE-Fe concentrations had increased from the initial in the SiCL (44.3 mg kg-1), 
had not changed from the initial in the SiL 1, and had decreased from the initial in both the L and 
SiL 2 (-16.0 and -135 mg kg-1, respectively) soils (Figure 18). After 1 month of incubation, 
WAE-Fe concentrations had increased from the initial in the SiCL and had decreased from the 
initial in all other soils (Figure 18). By 2 months of incubation, WAE-Fe concentrations had 
slightly increased in all soils compared to after 1 month of incubation and had increased from the 
initial in the SiCL, had not changed from the initial in the L and SiL 1, and had decreased from 
the initial in the SiL 2 soil (Figure 18). The WAE-Fe concentrations continued to increase in all 
soils compared to after 2 months of incubation and, after 6 months of incubation, WAE-Fe 
concentrations had increased from the initial in the SiCL (84.5 mg kg-1), L (23.6 mg kg-1), and 




 Struvite, a substance that was once viewed as a pipe-clogging, problematic WWTP by-
product (Doyle and Parsons, 2002), has recently gained attention as an attractive option in 
sustainable development due to the fertilizer potential of the recovered material. Controlled 
struvite recovery has the potential to recycle P from a number of different waste sources from 
various sectors, including agricultural (Massey et al., 2007; Rahman et al., 2014), industrial 
(Diwani et al., 2007), and municipal sectors (Kim et al., 2007; Antonini et al., 2012). Results 
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from this study provide valuable insight into the potential use of recovered struvite in agricultural 
production. The results gathered from this study examined fertilizer-P behavior of an 
electrochemically precipitated, simulated, wastewater-recovered struvite (ECST) in 
agronomically relevant soils. Despite the slow-release properties of struvite, results generated 
from this study have demonstrated that ECST has comparable fertilizer-P behavior to that of a 
commercially available, chemically precipitated struvite (CG) and conventional P fertilizers (i.e., 
MAP, DAP, and TSP) in multiple soil textures over the course of a 9-month soil incubation 
experiment.  
 Phosphorus recovery in the form of struvite precipitation can preserve water quality 
nationwide and reduce the dependence for conventional, RP-derived P fertilizers (Syers et al., 
2008; Cordell et al., 2009). Struvite’s effectiveness as a recovered fertilizer-P source has the 
potential to provide a sustainable source of P in the global agricultural production system, thus 
providing food security for future generations. In addition, struvite recovery in WWTPs can lead 
to a reduction in P and N loads of the side-stream and sewage sludge (SS) in WWTPs (Jaffer et 
al., 2002; Doyle and Parsons, 2002). Reduced P and N loads have the ability to decrease the 
volume of SS in the wastewater treatment process by up to 49%, thus reducing operating costs 
required to dispose of the material (Woods et al., 1999; Doyle and Parsons, 2002). An additional 
benefit of electrochemical precipitation of struvite is the potential for hydrogen production, 
which could further provide cost savings to make the technology more appealing to industrial 
applications. While the benefits of struvite recovery on a large scale appear to be widespread, 
further economic analysis needs to be conducted to provide a better understanding of the 





While the agronomic applications of recovered struvite have been observed in several 
small plant studies, the soil-fertilizer interactions between wastewater-recovered struvite and 
multiple soil textures have not been well studied, specifically in agronomic soils. Consequently, 
the purpose of this research was to assess the fertilizer response of wastewater recovered struvite 
in plant-less soil incubation experiments with multiple soil textures (i.e., loam, silt loam, silty 
clay loam) in a moist soil environment. As hypothesized, results demonstrated greater WS- and 
WAE-P concentrations in the finely ground CG treatment over the first month of incubation than 
the pelletized CG treatment in all soils. However, the hypothesis was only partially supported 
because the finely ground CG treatment did not have a greater WS- and WAE-P response over 
the course of the entire incubation. Results confirmed the slow-release properties of pelletized 
CG treatment that have been previously reported, which resulted in a generally similar change in 
WS- and WAE-P concentration in finely ground and pelletized treatments in each soil after 6 
months of incubation.  
Although a similar P response occurred between finely ground and pelletized treatments 
across all soils, WS-P concentration differed among soil textures in both finely ground and 
pelletized treatments throughout the incubation. Generally, in the final four months of 
incubation, the change in WS-P concentrations were greater in both finely ground and pelletized 
treatments in the loam and silty clay loam soils than in either silt-loam soil. The greater WS-P 
concentration in the loam and silty clay loam soils was likely caused by greater initial WS-P 
concentration in the two soils, which resulted in more available P remaining in the soil solution 
than in the soil’s solid phase. 
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Results of this study supported the hypothesis that both struvite sources (i.e., CG and 
ECST) would have a similar WS- and WAE-P response as MAP, DAP, and TSP. Despite a few 
exceptions, WS-P concentrations were generally similar among CG, ECST, MAP, DAP, and 
TSP across all soils and were greater than RP and UC treatments over time. Despite the slower 
dissolution rate of struvite, the change in WS-P concentration was not significantly lower in 
either struvite source over the duration of incubation, which was somewhat unexpected. The 
WS-P concentration differed among soil textures over time, and the greatest WS-P concentration 
change occurred in the loam soil followed by the silty clay loam soil throughout the entire 
incubation. The variable WS-P concentration response across soils was likely due to a 
combination of several chemical and physical soil properties, such as soil pH and SOM, WS-P, 
and clay concentration of the initial soils. In addition, the WAE-P concentrations were generally 
similar among MAP, DAP, TSP, CG, and ECST in each individual soil, except for the SiCL soil. 
The comparable WS- and WAE-P concentration among struvite sources and other fertilizer-P 
sources further support the findings of previous studies that demonstrated struvite’s potential as a 
sustainable, alternative P fertilizer.  
Results from this study also partially supported the hypothesis that both struvite sources 
(i.e., CG and ECST) would have greater Mg concentrations than other commercially available 
fertilizer-P sources. The change in WS- and WAE-Mg concentrations varied significantly across 
different soil textures and differed between similar soils with different management histories 
(i.e., the two SiL soils). The change in WS- and WAE-Mg concentrations also varied 
significantly between fertilizer sources across soils, which was likely caused by the influx of a 
variety of different carrier cations (i.e., NH4
+, K+, Ca2+, and Mg2+) from the fertilizer materials 
themselves. Results supported the hypothesis of greater Mg concentrations from the two struvite 
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sources with the change in soil WAE-Mg concentrations, where, averaged across soils, the 
greatest increase in WAE-Mg occurred in the CG treatment followed by ECST treatment. 
However, results did not support the hypothesis of greater Mg concentrations with the two 
struvite sources for WS-Mg concentrations, where, although initial Mg concentrations were 
generally greater in the struvite sources, the introduction of various cations in MAP and DAP 
treatments likely released exchangeable Mg ions and resulted in greater soil WS-Mg 
concentrations in CG and MAP followed by ECST and DAP treatments.  
Results from this study provided valuable insight into the behavior of wastewater-
recovered struvite in agronomic soils as compared to other commercially available fertilizer-P 
sources. Results showed that not only was the fertilizer response affected by the chemical and 
physical properties of the different soils and fertilizer characteristics themselves, but was also 
affected by previous management history in similar-textured soils. The choice of which 
fertilizer-P source to use will clearly need to consider soil texture and field management history 
to best tailor the most appropriate fertilizer-P source to the specific setting and management 
practices where the fertilizer-P will be used for optimal crop production results. To accurately 
assess the applicability of struvite as an alternative fertilizer-P source, additional, in-depth 
research is still required to better understand struvite behavior in additional soil textures and soil 
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Tables and Figures 
Table 1. Summary of initial chemical properties [i.e., pH, electrical conductivity (EC), organic matter (OM), total carbon (TC), total 
nitrogen (TN), and water-soluble, weak-acid-extractable, and total-recoverable P, K, Ca, Mg, and Fe concentrations] among fertilizer-


















     pH 4.37 7.32 2.42 8.78 8.50 N/A† 6.67 
     EC (dS m-1) 84.6 105 32.8 226 298 N/A 514 
     OM (g g-1) 0.243 0.321 0.175 0.259 0.255 N/A 0.021 
     TC (g g-1) 0.003 0.005 0.003 0.002 0.002 0.001 0.004 
     TN (g g-1) 0.107 0.181 0.0002 0.057 0.055 0.093 0.0004 
Water-soluble (mg kg-1) 
     P 196000 163300 178840 216 281 124050 70.6 
     K 1048 1173 808 1.50 11.4 22.0 28.5 
     Ca 2252 153 121296 11.6 8.93 12.7 148 
     Mg 7784 79.9 5791 157 182 24144 25.5 
     Fe 68.8 63.6 473 1.22 0.548 5.80 4.20 
Weak-acid-extractable (mg kg-1) 
     P 181919 164349 171493 24479 27669 158798 638 
     K 1081 1244 786 230 253 16.2 139 
     Ca 1931 228 105735 83 110 2.20 3602 
     Mg 6767 507 4715 21444 24025 27197 338 
     Fe 254 146 362 127 115 19.9 226 
Total-recoverable (mg kg-1) 
     P 209215 183365 182187 116556 113186 227658 75956 
     K 1312 1510 1143 842 853 36.3 2762 
     Ca 4309 4653 140177 312 256 0.150 163495 
     Mg 14535 6734 6205 83234 80360 57023 3219 
     Fe 3737 5785 1527 4505 4009 0.100 10592 




Table 2. Summary of initial soil properties [i.e., sand, clay, and silt concentration; pH, electrical 
conductivity (EC), soil organic matter (SOM), total carbon (TC), total nitrogen (TC), and carbon 
nitrogen ratio (C:N)] among soils collected throughout Arkansas (i.e., SiL 1, L, SiCL, and SiL 2) 




L SiCL SiL 1 SiL 2 
Sand (g g-1) 0.441 a 0.071 d† 0.117 b 0.101 c 
Clay (g g-1) 0.095 d 0.366 a 0.137 b 0.108 c 
Silt (g g-1) 0.465 d 0.563 c 0.746 b 0.792 a 
pH 6.17 c 6.50 b 6.53 b 6.70 a 
EC (dS m-1) 0.107 c 0.273 a 0.169 b 0.164 b 
SOM (g g-1) 0.007 d 0.025 a 0.024 b 0.019 c 
TC (g g-1) 0.003 d 0.012 a 0.011 b 0.009 c 
TN (g g-1) 0.0003 c 0.0011 a 0.0011 a 0.0008 b 
C:N  10.5 b 11.4 a 9.68 c 11.0 ab 





Table 3. Summary of initial soil chemical properties [i.e., inorganic N (NO3-N and NH4-N), 
water-soluble, weak-acid-extractable, and total-recoverable P, K, Ca, Mg, and Fe concentrations] 





L SiCL SiL 1 SiL 2 
Inorganic N (mg kg-1) 
     NO3-N 9.50 c 6.30 d
† 15.8 a 12.2 b 
     NH4-N 3.90 c 6.30 b 8.20 a 6.40 b 
Water-soluble (mg kg-1) 
     P 11.9 a 9.60 b 5.47 c 3.70 d 
     K 44.7 a 44.7 a 25.3 c 28.3 b 
     Ca 34.0 c 74.3 a 62.7 b 62.0 b 
     Mg 21.7 b 28.0 a 23.3 b 17.7 c 
     Fe 47.9 a 47.9 a 47.9 a 47.9 a 
Weak-acid-extractable (mg kg-1) 
     P 93.3 b 143 a 33.7 c 19.7 d 
     K 145 b 485 a 143 b 158 b 
     Ca 933 c 4328 a 1842 b 2156 b 
     Mg 194 c 774 a 444 b 365 b 
     Fe 201 b 175 d 186 c 459 a 
Total-recoverable (mg kg-1) 
     P 371 c 672 a 568 b 297 d 
     K 1730 b 5828 a 1525 c 892 d 
     Ca 1440 d 4463 a 1757 c 2006 b 
     Mg 2433 b 8544 a 2429 b 1236 c 
     Fe 8340 d 27880 a 18230 b 14297 c 




Table 4. Summary of estimated bulk densities and target gravimetric water contents for watering 




SiL 1 L SiCL SiL 2 
Bulk density (g cm-3) † 1.38 1.59 1.28 1.43 
Target gravimetric water content (g g-1) † 0.203 0.201 0.203 0.204 
†Bulk density and target water content estimations were derived using sand, clay, and soil 









Table 5. Analysis of variance summary of the effects of soil (S), fertilizer amendment (A), sample time (T),  
and their interactions on the change in soil-test pH, electrical conductivity (EC), water-soluble (WS) and  
weak-acid-extractable (WAE; i.e., Mehlich-3) extractable nutrient (P, K, Ca, Mg, and Fe) concentrations from  









































    _______________________________________________________P____________________________________________________________ 
S < 0.01 0.04 < 0.01 < 0.01 < 0.01 < 0.01 0.05 0.96 < 0.01 < 0.01 < 0.01 < 0.01 
A < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.15 0.53 < 0.01 < 0.01 
T < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.26 < 0.01 0.04 < 0.01 < 0.01 < 0.01 
   S x A < 0.01† < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.66 0.45 < 0.01 < 0.01 
   S x T < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.05 < 0.01 < 0.01 < 0.01 
    A x T < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.38 0.38 < 0.01 < 0.01 








Table 6. Analysis of variance summary of the effects of soil (S), fertilizer amendment (A), sample time (T), and their  
interactions on the change in soil-test pH, electrical conductivity (EC), nitrate (NO3) and ammonium (NH4) concentrations,  
and water-soluble (WS) and weak-acid-extractable (WAE; i.e., Mehlich-3) extractable nutrient (P, K, Ca, Mg, and Fe)  












































___________________________________________________________________ P ____________________________________________________________ 
 
S < 0.01 < 0.01 0.10 0.05 0.02 < 0.01 < 0.01 < 0.01 < 0.01 0.39 < 0.01 < 0.01 < 0.01 < 0.01 
A < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.47 < 0.01 0.79 < 0.01 < 0.01 < 0.01 
T < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.25 < 0.01 < 0.01  0.17 < 0.01 
  S x A < 0.01 0.06 < 0.01 0.09 0.21 < 0.01 < 0.01 < 0.01 0.73 0.02 0.92 0.82 0.17 < 0.01 
  S x T < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.39 < 0.01 < 0.01 0.52 < 0.01 
  A x T < 0.01 0.02 < 0.01 < 0.01 < 0.01 0.34 < 0.01 < 0.01 < 0.01 0.60 0.61 0.76 0.49 0.30 








Table 7. Summary of the combined effects of soil (L, SiCL, SiL 1, and SiL 2), fertilizer amendment (Amend), and sample time (0.5, 1, 
2, 4, 6, and 9 months) on the change in soil pH from initial soil values for soil incubation 2. 
 
Soil Amend† 
Δ Soil pH 
0.5 Months  1 Month  2 Months  4 Months  6 Months  9 Months  
x̄  x̄  x̄  x̄  x̄  x̄  
L 
MAP -0.12 P-a††  -0.32 Y-j*  -0.67 m-r*  -0.22 T-e*  -0.57 j-o*  -0.27 V-h*  
DAP 0.13 H-P  -0.37 a-k*  -0.77 o-s*  -0.77 o-s*  -1.02 stu*  -0.92 rst*  
TSP -0.07 N-Y  -0.07 N-Y  -0.07 N-Y  0.03 J-T  -0.27 V-h*  -0.22 T-e*  
RP 0.18 F-N*  0.23 E-L*  0.18 F-N*  0.23 E-L*  -0.02 L-V  -0.17 R-c  
CG 0.28 D-J*  0.23 E-L*  0.08 I-R  -0.12 P-a  -0.32 Y-j*  -0.37 a-k*  
ECST 0.43 B-F*  -0.27 V-h*  -0.37 a-k*  -0.37 a-k*  -0.52 h-o*  -0.57 j-o*  
UC 0.23 E-L*  0.23 E-L*  0.13 H-P  0.18 F-N*  -0.07 N-Y  -0.22 T-e*  
SiCL 
MAP 0.10 H-Q  0.20 E-M*  0.05 I-S  -0.10 O-Z  -0.30 X-i*  -0.40 c-l*  
DAP 0.30 D-I*  0.30 D-I*  0.15 G-O  0.00 K-U  -0.25 U-g*  -0.50 g-n*  
TSP 0.25 D-K*  0.25 D-K*  0.20 E-M*  0.05 I-S  0.00 K-U  -0.20 S-e*  
RP 0.35 C-H*  0.40 B-G*  0.35 C-H*  0.20 E-M*  0.10 H-Q  -0.10 O-Z  
CG 0.40 B-G*  0.45 B-E*  0.40 B-G*  0.30 D-I*  0.05 I-S  -0.10 O-Z  
ECST 0.10 H-Q  0.25 D-K*  0.15 G-O  0.15 G-O  -0.10 O-Z  -0.35 Z-k*  
UC 0.30 D-I*  0.45 B-E*  0.30 D-I*  0.25 D-K*  0.10 H-Q  -0.05 M-X  
Sil 1 
MAP -0.33 Z-k*  -0.38 b-l*  -0.63 l-q*  -0.43 d-m*  -0.73 n-r*  -1.03 tu*  
DAP -0.28 W-i*  -0.43 d-m*  -0.88 q-t*  -0.73 n-r*  -1.03 tu*  -1.23 u*  
TSP -0.33 Z-k*  -0.33 Z-k*  -0.38 b-l*  -0.33 Z-k*  -0.53 i-o*  -0.68 m-r*  
RP -0.13 Q-b  -0.18 S-d*  -0.23 U-f*  -0.23 U-f*  -0.48 f-n*  -0.58 k-p*  
CG -0.23 U-f*  -0.03 M-W  -0.18 S-d*  -0.28 W-i*  -0.58 k-p*  -0.83 p-t*  
ECST -0.23 U-f*  -0.43 d-m*  -0.48 f-n*  -0.48 f-n*  -0.73 n-r*  -0.83 p-t*  
UC -0.18 S-d*  -0.13 Q-b  -0.28 W-i*  -0.23 U-f*  -0.43 d-m*  -0.68 m-r*  
Sil 2 
MAP 0.05 I-S  -0.05 M-X  -0.30 X-i*  -0.30 X-i*  -0.40 c-l*  -0.20 S-e*  
DAP 0.25 D-K*  -0.15 Q-c  -0.35 Z-k*  -0.35 Z-k*  -0.45 e-m*  -0.40 c-l*  
TSP 0.25 D-K*  0.40 B-G*  0.25 D-K*  0.15 G-O  0.00 K-U  0.05 I-S  
RP 0.50 BCD*  0.60 BC*  0.45 B-E*  0.30 D-I*  0.15 G-O  0.25 D-K*  
CG 0.20 E-M*  0.65 B*  0.50 BCD*  0.25 D-K*  0.05 I-S  0.00 K-U  
ECST 1.15 A*  0.20 E-M*  0.40 B-G*  0.15 G-O  0.00 K-U  0.00 K-U  
UC 0.65 B*  0.60 BC*  0.40 B-G*  -0.10 O-Z  0.20 E-M  0.25 D-K*  
† Fertilizer amendments used in this incubation included monoammonium phosphate (MAP), diammonium phosphate (DAP), triple 
superphosphate (TSP), rock phosphate (RP), Crystal Green (CG) struvite, electrochemically precipitated struvite (ECST), and an 
unamended control (UC). 
†† All means for soil-fertilizer treatment combinations followed by different letters are significantly different at P < 0.05. Due to the 
large number of fertilizer combinations, the letter notation starts with a capital letter and continues to a lowercase letter. An asterisk 








Table 8. Summary of the combined effects of soil (L, SiCL, SiL 1, and SiL 2), fertilizer amendment (Amend), and sample time (0.5, 1, 
2, 4, 6, and 9 months) on the change in soil nitrate (NO3-N) concentrations from initial soil values for soil incubation 2. 
 
Soil Amend† 
Δ NO3-N (mg kg
-1) 
0.5 Months  1 Month  2 Months  4 Months  6 Months  9 Months  
x̄  x̄  x̄  x̄  x̄  x̄  
L 
MAP 9.7 qq-xx††  30.5 u-pp*  43.1 m-dd*  79.1 O-b*  78.7 O-b*  78.4 O-b*  
DAP 19.0 hh-xx*  87.6 L-T*  76.5 Q-c*  125.2 C-G*  135.9 CD*  94.8 J-Q*  
TSP 7.6 ss-xx  16.0 ii-xx*  25.6 bb-vv*  44.0 m-dd*  41.4 n-ff*  28.4 x-rr*  
RP 6.5 uu-xx  11.5 oo-xx  14.9 kk-xx*  26.4 z-uu*  29.4 w-qq*  26.2 aa-uu*  
CG 15.5 jj-xx*  31.1 t-pp*  53.8 d-q*  70.2 S-h*  85.2 M-V*  73.2 R-d*  
ECST 13.2 mm-xx  45.9 k-bb*  52.3 e-s*  75.5 R-c*  75.2 R-c*  66.4 U-k*  
UC 8.9 rr-xx  16.2 ii-xx*  21.8 ee-xx*  28.5 x-rr*  33.6 q-ll*  27.3 z-tt*  
SiCL 
MAP 7.4 tt-xx  11.8 oo-xx  25.5 bb-vv*  43.4 m-dd*  53.2 d-r*  63.2 X-m*  
DAP 5.3 vv-xx  13.6 ll-xx  29.7 w-qq*  46.9 j-aa*  68.7 T-i*  98.8 H-O*  
TSP 3.9 xx  7.7 ss-xx  11.7 oo-xx  19.2 hh-xx*  19.8 gg-xx*  28.0 y-ss*  
RP 4.8 wwxx  7.5 ss-xx  12.6 nn-xx  15.0 kk-xx*  19.1 hh-xx*  29.0 w-rr*  
CG 4.5 wwxx  10.6 pp-xx  19.7 gg-xx*  24.8 cc-ww*  35.4 q-kk*  61.8 Y-n*  
ECST 16.3 ii-xx*  20.4 gg-xx*  32.1 s-oo*  41.2 o-ff*  50.6 h-v*  64.8 V-l*  
UC 6.7 tt-xx  11.7 oo-xx  17.2 hh-xx*  17.6 hh-xx*  24.4 cc-xx*  29.1 w-rr*  
Sil 1 
MAP 28.1 y-ss*  48.9 i-x*  81.6 N-Y*  113.4 E-J*  137.7 C*  117.9 D-I*  
DAP 36.3 q-ii*  72.2 R-f*  116.2 D-I*  170.5 B*  195.3 A*  164.4 B*  
TSP 24.9 cc-ww*  41.2 n-ff*  51.6 g-t*  80.5 N-Z*  91.7 K-R*  73.3 R-d*  
RP 24.3 cc-xx*  35.8 q-jj*  47.0 j-z*  57.0 c-p*  77.8 P-b*  80.1 N-a*  
CG 32.7 r-nn*  45.8 k-bb*  51.4 g-t*  90.8 K-S*  123.6 C-G*  127.3 C-F*  
ECST 30.0 v-qq*  63.5 W-m*  72.8 R-e*  118.6 D-H*  137.8 C*  108.3 G-L*  
UC 23.6 dd-xx*  40.1 o-gg*  49.0 i-x*  73.0 R-e*  89.6 K-S*  70.4 S-h*  
Sil 2 
MAP 33.3 q-mm*  60.5 Z-o*  84.1 N-W*  114.2 E-J*  125.5 C-G*  115.8 D-I*  
DAP 42.0 n-ee*  90.8 K-S*  130.4 CDE*  174.8 AB*  177.3 AB*  160.0 B*  
TSP 19.5 gg-xx*  33.3 q-mm*  48.1 i-y*  67.4 T-j*  71.7 R-g*  59.7 a-o*  
RP 17.2 hh-xx*  24.6 cc-xx*  33.1 r-nn*  50.8 h-u*  76.5 Q-c*  58.7 b-o*  
CG 41.8 n-ee*  37.0 p-hh*  45.0 l-cc*  82.8 N-X*  109.0 F-K*  97.3 I-P*  
ECST 21.7 ff-xx*  65.3 V-k*  49.4 i-w*  100.8 H-N*  86.8 M-U*  102.7 H-M*  
UC 14.9 kk-xx*  26.7 z-uu*  50.7 h-u*  51.7 f-t*  31.9 s-oo*  58.8 b-o*  
† Fertilizer amendments used in this incubation included monoammonium phosphate (MAP), diammonium phosphate (DAP), triple 
superphosphate (TSP), rock phosphate (RP), Crystal Green (CG) struvite, electrochemically precipitated struvite (ECST), and an 
unamended control (UC). 
†† All means for soil-fertilizer treatment combinations followed by different letters are significantly different at P < 0.05. Due to the 
large number of fertilizer combinations, the letter notation starts with a capital letter and continues to a second set of lowercase letters. 








Table 9. Summary of the combined effects of soil (L, SiCL, SiL 1, and SiL 2), fertilizer amendment (Amend), and sample time (0.5, 1, 
2, 4, 6, and 9 months) on the change in soil ammonium (NH4-N) concentrations from initial soil values for soil incubation 2. 
 
Soil Amend† 
Δ NH4-N (mg kg
-1) 
0.5 Months  1 Month  2 Months  4 Months  6 Months  9 Months  
x̄  x̄  x̄  x̄  x̄  x̄  
L 
MAP 35.0 G-L*††  25.5 K-T*  7.2 V-n  1.6 c-o  -0.9 g-o  2.2 b-o  
DAP 120.8 A*  49.6 DEF*  36.5 F-K*  32.1 H-N*  15.0 R-d*  5.5 Y-o  
TSP -1.2 h-o  -3.1 j-o  -3.2 j-o  -1.3 h-o  -0.8 f-o  2.8 a-o  
RP -2.3 j-o  -3.3 j-o  -3.3 j-o  -0.7 f-o  -1.6 h-o  3.7 Z-o  
CG 44.7 D-H*  26.5 J-T*  18.3 N-Y*  5.5 Y-o  -0.1 f-o  3.8 Z-o  
ECST 35.7 F-K*  9.4 U-l  0.3 e-o  -1.4 h-o  -2.1 j-o  2.1 b-o  
UC -1.7 h-o  -3.1 j-o  -3.2 j-o  -1.6 h-o  -1.2 h-o  3.3 Z-o  
SiCL 
MAP 25.1 K-T*  23.4 K-U*  20.0 M-X*  6.3 W-o  5.4 Y-o  10.6 U-j  
DAP 80.9 BC*  75.9 BC*  70.3 C*  54.6 D*  44.7 D-H*  22.6 K-U*  
TSP -2.6 j-o  -5.0 l-o  -4.3 k-o  -2.9 j-o  -4.3 k-o  6.1 X-o  
RP -1.8 i-o  -5.2 mno  -4.4 k-o  -2.4 j-o  -3.6 j-o  5.1 Y-o  
CG 44.1 D-I*  21.0 L-V*  35.6 F-K*  31.5 H-O*  12.8 S-h*  14.7 R-e*  
ECST 18.3 N-Y*  14.6 R-e*  12.4 T-i*  5.1 Y-o  2.6 a-o  6.4 W-o  
UC -2.7 j-o  -4.5 l-o  -4.0 k-o  -2.6 j-o  -4.2 k-o  5.1 Y-o  
Sil 1 
MAP 40.0 E-J*  27.1 J-S*  5.9 X-o  1.9 c-o  3.9 Y-o  15.8 R-c*  
DAP 86.8 B*  47.2 D-G*  17.7 N-Z*  17.5 O-Z*  7.5 V-n  16.2 Q-b*  
TSP -1.4 h-o  -3.8 j-o  -3.5 j-o  -0.7 f-o  1.5 d-o  13.7 R-f*  
RP 2.7 a-o  -2.9 j-o  -2.3 j-o  -1.1 h-o  1.8 c-o  9.4 U-l  
CG 30.0 I-Q*  40.1 E-J*  29.9 I-Q*  20.6 L-W*  15.7 R-c*  13.5 R-g*  
ECST 30.3 H-P*  1.8 c-o  -3.7 j-o  -2.0 i-o  -0.3 f-o  12.8 T-h*  
UC -0.4 f-o  -2.9 j-o  -2.2 j-o  -0.3 f-o  2.6 a-o  17.5 O-Z*  
Sil 2 
MAP 27.7 J-R*  10.1 U-k  -4.1 k-o  -3.1 j-o  -2.4 j-o  7.8 V-m  
DAP 52.7 DE*  17.0 P-a*  -5.7 mno  -2.2 j-o  -4.2 k-o  4.2 Y-o  
TSP -4.7 l-o  -7.3 o  -6.4 no  -3.7 j-o  -4.4 l-o  8.0 V-m  
RP -4.7 l-o  -7.3 o  -6.0 mno  -4.8 l-o  -3.6 j-o  4.5 Y-o  
CG 6.8 V-n  17.7 N-Z*  20.2 M-X*  6.9 V-n  -1.8 i-o  10.0 U-k  
ECST 33.8 G-M*  -5.4 mno  -5.4 mno  -3.5 j-o  -3.7 j-o  4.0 Y-o  
UC -4.6 l-o  -7.3 o  -5.9 mno  -4.1 k-o  -3.4 j-o  6.2 W-o  
† Fertilizer amendments used in this incubation included monoammonium phosphate (MAP), diammonium phosphate (DAP), triple 
superphosphate (TSP), rock phosphate (RP), Crystal Green (CG) struvite, electrochemically precipitated struvite (ECST), and an 
unamended control (UC). 
†† All means for soil-fertilizer treatment combinations followed by different letters are significantly different at P < 0.05. Due to the 
large number of fertilizer combinations, the letter notation starts with a capital letter and continues to lowercase letter. An asterisk (*) 








Table 10. Summary of the combined effects of soil (L, SiCL, SiL 1, and SiL 2), fertilizer amendment (Amend), and sample time (0.5, 
1, 2, 4, 6, and 9 months) on the change in water-soluble (WS) Fe concentrations from initial soil values for soil incubation 2. 
 
Soil Amend† 
Δ WS-Fe (mg kg-1) 
0.5 Months  1 Month  2 Months  4 Months  6 Months  9 Months  
x̄  x̄  x̄  x̄  x̄  x̄  
L 
MAP -42.6 Fg*††  -45.2 h-k*  -45.2 h-k*  -47.6 m-s*  -47.5 l-s*  -48.4 qrs*  
DAP -45.0 hij*  -45.9 i-n*  -45.6 h-n*  -48.7 s*  -48.6 rs*  -48.2 p-s*  
TSP -45.2 h-k*  -46.2 i-q*  -46.4 i-q*  -46.0 i-p*  -46.7 j-s*  -45.5 h-m*  
RP -46.0 i-p*  -46.3 i-q*  -46.5 j-s*  -46.5 i-r*  -46.2 i-q*  -46.0 i-p*  
CG -44.2 ghi*  -45.3 h-l*  -45.6 h-n*  -46.5 j-s*  -47.3 k-s*  -47.8 n-s*  
ECST -45.0 hij*  -45.0 hij*  -45.0 hij*  -46.1 i-q*  -48.1 o-s*  -47.8 n-s*  
UC -46.5 j-s*  -45.9 i-o*  -43.6 gh*  -46.3 i-q*  -47.0 j-s*  -46.2 i-q*  
SiCL 
MAP -36.6 C-S*  -36.8 D-T*  -36.9 D-T*  -37.5 I-X*  -37.5 I-X*  -39.3 U-e*  
DAP -36.4 B-R*  -36.6 C-S*  -34.6 A-D*  -37.0 E-T*  -38.3 P-e*  -39.4 W-e*  
TSP -37.1 E-U*  -36.9 E-T*  -37.5 I-X*  -37.7 K-Z*  -37.8 K-b*  -38.1 N-d*  
RP -34.6 A-D*  -36.3 B-Q*  -37.2 E-W*  -37.5 I-Z*  -38.0 M-c*  -36.4 C-S*  
CG -37.5 I-X*  -36.1 B-O*  -36.5 C-S*  -38.1 M-c*  -37.5 I-Y*  -39.7 X-e*  
ECST -36.4 B-R*  -36.9 E-T*  -37.3 G-W*  -37.9 L-c*  -38.4 P-e*  -39.7 Y-e*  
UC -34.5 ABC*  -36.7 D-S*  -35.7 A-L*  -37.6 J-Z*  -37.9 L-b*  -39.0 T-e*  
Sil 1 
MAP -35.1 A-G*  -36.0 A-N*  -37.4 H-W*  -39.0 T-e*  -40.2 cde*  -37.3 F-W*  
DAP -35.1 A-F*  -36.3 B-Q*  -39.4 V-e*  -40.3 de*  -40.5 ef*  -40.1 cde*  
TSP -34.2 AB*  -37.2 E-W*  -35.8 A-M*  -37.7 K-a*  -38.5 Q-e*  -39.8 Z-e*  
RP -37.0 E-T*  -37.2 F-W*  -35.0 A-E*  -37.8 K-b*  -37.9 L-b*  -39.7 Y-e*  
CG -35.6 A-K*  -35.4 A-J*  -35.3 A-I*  -38.3 O-e*  -40.0 b-e*  -40.0 a-e*  
ECST -33.8 A*  -36.0 A-N*  -36.2 B-P*  -39.3 U-e*  -40.0 a-e*  -40.0 a-e*  
UC -36.4 B-R*  -37.2 E-V*  -35.2 A-H*  -38.6 R-e*  -38.7 S-e*  -39.7 X-e*  
Sil 2 
MAP -54.4 t-z*  -55.0 u-aa*  -57.0 aa-jj*  -58.5 iijj*  -58.8 iijj*  -58.9 jj*  
DAP -54.0 t-w*  -56.2 x-hh*  -58.4 iijj*  -58.9 jj*  -56.6 y-ii*  -58.0 ff-jj*  
TSP -53.9 tuv*  -54.9 u-aa*  -55.0 u-aa*  -56.1 w-hh*  -56.1 w-gg*  -58.3 gg-jj*  
RP -55.3 u-cc*  -55.8 v-ee*  -54.3 t-x*  -56.0 v-ff*  -57.5 bb-jj*  -55.7 v-ee*  
CG -52.4 t*  -54.6 u-z*  -54.4 t-y*  -55.7 v-ee*  -57.6 dd-jj*  -58.5 iijj*  
ECST -54.5 t-z*  -54.5 t-z*  -53.2 tu*  -56.7 z-jj*  -57.9 ee-jj*  -58.4 hh-jj*  
UC -55.2 u-aa*  -55.5 v-dd*  -55.2 u-bb*  -56.1 v-gg*  -54.5 t-z*  -57.5 cc-jj*  
† Fertilizer amendments used in this incubation included monoammonium phosphate (MAP), diammonium phosphate (DAP), triple 
superphosphate (TSP), rock phosphate (RP), Crystal Green (CG) struvite, electrochemically precipitated struvite (ECST), and an 
unamended control (UC). 
†† All means for soil-fertilizer treatment combinations followed by different letters are significantly different at P < 0.05. Due to the 
large number of fertilizer combinations, the letter notation starts with a capital letter and continues to a second set of lowercase letters. 






Figure 1. Fertilizer amendment effects, averaged over time, on the change in soil pH and weak-
acid-extractable (WAE) soil Fe concentration from the initial among soils for soil incubation 1. 
Means within a panel with different letters are different at P < 0.05. An asterisk (*) indicates 






Figure 2. Soil effects, averaged over fertilizer amendments, on the change in soil pH and weak-
acid-extractable (WAE) soil Ca and Fe concentrations from the initial over time for soil 
incubation 1. Means within a panel with different letters are different at P < 0.05. An asterisk (*) 






Figure 3. Fertilizer amendment effects, averaged over soils, on the change in soil pH and weak-
acid-extractable (WAE) soil Fe concentration from the initial over time for soil incubation 1. 
Means within a panel with different letters are different at P < 0.05. An asterisk (*) indicates 









Figure 4. Fertilizer amendment-soil combination effects on the change in electrical conductivity (ΔEC) from the initial over time for 










Figure 5. Fertilizer amendment-soil combination effects on the change in water-soluble P (ΔWS-P) concentration from the initial over 
time for soil incubation 1. Means with different letters are different at P < 0.05. An asterisk (*) indicates mean value is different than 









Figure 6. Fertilizer amendment-soil combination effects on the change in water-soluble K (ΔWS-K) concentration from the initial over 
time for soil incubation 1. Means with different letters are different at P < 0.05. An asterisk (*) indicates mean value is different than 









Figure 7. Fertilizer amendment-soil combination effects on the change in water-soluble Ca (ΔWS-Ca) concentration from the initial 
over time for soil incubation 1. Means with different letters are different at P < 0.05. An asterisk (*) indicates mean value is different 









Figure 8. Fertilizer amendment-soil combination effects on the change in water-soluble Mg (ΔWS-Mg) concentration from the initial 
over time for soil incubation 1. Means with different letters are different at P < 0.05. An asterisk (*) indicates mean value is different 









Figure 9. Fertilizer amendment-soil combination effects on the change in water-soluble Fe (ΔWS-Fe) concentration from the initial 
over time for soil incubation 1. Means with different letters are different at P < 0.05. An asterisk (*) indicates mean value is different 









Figure 10. Fertilizer amendment-soil combination effects on the change in weak-acid-extractable soil P (ΔWAE-P) concentration from 
the initial over time for soil incubation 1. Means with different letters are different at P < 0.05. An asterisk (*) indicates mean value is 









Figure 11. Fertilizer amendment-soil combination effects on the change in weak-acid-extractable soil Mg (ΔWAE-Mg) concentration 
from the initial over time for soil incubation 1. Means with different letters are different at P < 0.05. An asterisk (*) indicates mean 





Figure 12. Soil effects, averaged over fertilizer amendments, on the change in electrical 
conductivity (EC) and water-soluble (WS) soil P and K concentrations from the initial over time 
for soil incubation 2. Means within a panel with different letters are different (P < 0.05). An 





Figure 13. Fertilizer amendment effects, averaged over soils, on the change in electrical 
conductivity (EC) and water-soluble (WS) soil P concentration from the initial over time for soil 
incubation 2. Means within a panel with different letters are different (P < 0.05). An asterisk (*) 






Figure 14. Fertilizer amendment effects, averaged over time, on the change in water-soluble 
(WS) soil K, Ca, and Mg concentrations from the initial among soils for soil incubation 2. Means 
within a panel with different letters are different (P < 0.05). An asterisk (*) indicates mean value 





Figure 15. Soil effects, averaged over fertilizer amendments, on the change in water-soluble 
(WS) soil Ca and Mg concentrations from the initial over time for soil incubation 2. Means 
within a panel with different letters are different (P < 0.05). An asterisk (*) indicates mean value 





Figure 16. Fertilizer amendment effects, averaged over soils, on the change in water-soluble 
(WS) soil Ca and Mg concentrations from the initial over time for soil incubation 2. Means 
within a panel with different letters are different (P < 0.05). An asterisk (*) indicates mean value 






Figure 17. Fertilizer amendment effects, averaged over time, on the change in weak-acid-
extractable (WAE) soil P and Fe concentrations from the initial among soils for soil incubation 2. 
Means within a panel with different letters are different (P < 0.05). An asterisk (*) indicates 





Figure 18. Soil effects, averaged over fertilizer amendments, on the change in weak-acid-
extractable (WAE) soil K, Ca, and Fe concentrations from the initial over time for soil 
incubation 2. Means within a panel with different letters are different (P < 0.05). An asterisk (*) 



















 Phosphorus (P) can often be a limiting nutrient in plant growth. Many traditional P 
fertilizers are derived from rock phosphate (RP), which is actively mined in the environment and 
is limited in supply. With growing human populations worldwide, sustainable P sources are 
imperative to ensure food security in the near future, which has encouraged many researchers to 
investigate P recovery technologies from waste streams. Struvite (MgNH4PO4 · 6H2O) is a 
wastewater-recovered, P mineral that has been an attractive option in sustainable development 
due to the ability to recover both N and P from liquid and solid wastes. The objective of this 
study was to evaluate the behavior of an electrochemically precipitated, simulated wastewater-
recovered struvite (ECST) and a chemically precipitated, wastewater-recovered struvite (Crystal 
Green) in a plant-less soil incubation experiment with multiple soil textures in a flooded-soil 
environment compared to diammonium phosphate (DAP) and rock phosphate (RP). Fertilizer-P 
sources were added to small plastic soil cups at an equivalent fertilizer rate of 24.5 kg P ha-1 
containing three agricultural soils of varying texture (i.e., silt loam and silty clay loam) from 
various agricultural field sites throughout Arkansas. Soil cups were destructively sampled five 
times over a 4-month period to examine the change in water-soluble (WS) and weak-acid-
extractable (WAE) nutrient concentrations (i.e., P, K, Ca, Mg, and Fe) from the initial 
concentration over time. After 0.5 months of incubation, WS-P concentrations increased the 
most from the initial in the DAP treatment (27.6 mg kg-1), which did not differ from CG or 
ECST treatments. After 1 month of flooded conditions (i.e., two months of incubation), WS-P 
concentrations were still greater than the initial and remained similar between DAP, ECST, and 
CG treatments. At the 3- and 4-month sampling intervals, WS-P concentrations were greater than 





ECST, and RP treatments, which did not differ from the initial. After 0.5 months, WAE-P 
concentrations increased the most from the initial in the ECST treatment (82 mg kg-1), which did 
not differ from DAP. After 1 month of incubation and thereafter, WAE-P concentrations 
increased the most from the initial and were similar among ECST, CG, and DAP treatments. The 
comparable WS- and WAE-P concentrations between ECST, CG, and DAP treatments under 









 Phosphorus (P) is an essential element for all plant growth, particularly in agricultural 
production, and is necessary to perform many biological functions in all forms of life. Plants 
utilize P in the formation of phosphoproteins and phospholipids, nucleic acids, and phosphate-
containing energy compounds, such as adenosine triphosphate (ATP) (Shen et al., 2011). Despite 
P being the eleventh most abundant element in the lithosphere, P is relatively scarce in terrestrial 
ecosystems and is often a limiting nutrient in plant growth due to low solubility and 
inaccessibility in soils (Steen, 1998; Smil, 2000; Le Corre et al., 2009; Cordell and White, 2011). 
Several fertilizer and soil properties affect P mobility and availability in soils, such as granule 
size and composition (i.e., ammonium-derived and calcium-based phosphates), soil pH, clay and 
organic matter concentration, cation exchange capacity (CEC), exchangeable soil Al, Ca, and Fe 
concentrations, and initial P concentrations (Nascimento et al., 2018). In addition, in agricultural 
production, there is no substitute for P and the demand for fertilizer-P is only expected to rise as 
the global human population is expected to reach 9 billion by 2050 (Cordell et al., 2009).  
 In aquatic systems, P is often the primary limiting nutrient and usually exists in trace 
amounts. Surface waters typically have an average soluble-P concentration of 10 µg L-1, which is 
much less than the 1000 µg g-1 in suspended solids that can be introduced to aquatic systems via 
surface erosion (Tiessen, 1995). Excess P in aquatic systems can lead to eutrophication, which 
can cause excess algae growth, deplete dissolved oxygen, and be detrimental to aquatic 
ecosystems (Syers et al., 2008; Carpenter and Bennett, 2011). Eutrophication remains a 
widespread water quality concern throughout much of the United States and is predominantly 
caused by manipulations of the landscape and human development. Eutrophication from point-





regulation and the enforcement of discharge limits of pollutants in the Clean Water Act (EPA, 
2011). Non-point sources and primarily agricultural land use remain the major suppliers of 
excess nutrients in areas of impaired surface waters, specifically in lakes and rivers (Daniel et al., 
1998; Elser and Bennett, 2011). Over-application and mis-management of soluble fertilizers and 
manures are the primary drivers of eutrophication in agricultural production (Sharpley et al., 
2016). 
 In agriculture production, the majority of synthetic fertilizer-P sources are derived from 
the raw material rock phosphate (RP), which is actively mined and limited in supply in the 
environment. Rock phosphate reserves are unevenly distributed around the world, where 
Morocco is the largest producer of mined RP with 42% of the world’s supply (Liu et al., 2012). 
Roughly 95% of the global phosphate production is currently utilized in agricultural applications 
(Desmidt et al., 2015). Increased food production throughout the 20th century has increased the 
demand for fertilizer-P sources and it is predicted that the amount of cost-effective, feasibly 
mined RP could be exhausted in as little as 100 years (Liu et al., 2012). Because of the potential 
food security concerns with the current global P system, developing alternative fertilizer-P 
sources have been a recent area of ongoing research. 
 A potential nutrient source has long been associated with wastewaters, whereas ancient 
civilizations used wastewater in agriculture as early as the Bronze age (3200 to 1100 BC; 
Jaramillo and Restrepo, 2017). Due to the availability of P and nitrogen (N) in wastewater 
effluent streams, wastewater treatment plants (WWTPs) remain a potential nutrient source that 
could be utilized in new P-recovery technologies. Wastewater treatment plants are required by 
law to remove no less than 90% of P from wastewater effluent before the effluent can be 





removed from the wastewater and incorporated into the solid fraction via sewage sludge (SS). 
Due to the potentially large concentration of heavy metals, salts, and toxic substances, land 
application of SS to agroecosystems has drastically reduced in most developed countries 
(Desmidt et al., 2015). Consequently, SS produced by WWTPs is primarily transported to 
landfills or is incinerated, which can lead to additional operational costs for WWTPs (Desmidt et 
al., 2015). Introducing P-recovery technology in WWTPs has the potential to reduce the volume 
of SS by up to 49% compared to chemical removal, thus considerably reducing operation costs 
(Woods et al., 1999; Doyle and Parsons, 2002).  
Phosphorus recovery in the form of struvite precipitation has been an area of recent 
research in the past decade. Struvite (MgNH4PO4 · 6H2O) is a white, crystalline, solid material 
comprised of equal molar concentrations of magnesium (Mg2+), phosphate (PO4
3-), and 
ammonium (NH4
+) (Schoumans et al., 2015). Struvite recovery has gained popularity as a likely 
source in P recovery due to the potential to remove both N and P from solid and liquid wastes. 
Struvite recovery has been applied to a number of waste sources, including industrial wastewater 
(Diwani et al., 2007), dairy wastewater (Massey et al., 2007; Uysal and Kuru, 2015), SS (Münch 
and Barr, 2001), semiconductor wastewater (Ryu et al., 2012; Ahmed et al., 2018), and several 
others. Additionally, due to struvite’s chemical composition, struvite is also considered to be a 
potentially sustainable, alternative fertilizer-P source, which could help decrease the global 
dependence on traditional fertilizer-P sources and RP. 
 While several studies have examined struvite’s fertilizer potential in potted-plant and 
greenhouse studies (Ackerman et al., 2013; Bonvin et al., 2015; Hilt et al., 2016; Gong et al., 
2018), little is known about struvite-soil-chemical-property interactions in agronomic soils and 





would mimic the common soil environment for rice (Oryza sativa) production. Since P mobility 
and availability in soils are intrinsically determined by a specific soil’s physical and chemical 
properties (Nascimento et al., 2018), which transform to some degree under flooded-soil 
conditions, it is imperative that struvite-soil interactions not only be studied in a simulated 
upland soil environment (Anderson et al., 2020) but also in an agronomically relevant, flooded-
soil environment to simulate potential use of struvite as a fertilizer-P source for rice production. 
Therefore, the goal of this study was to assess the behavior of struvite in two plant-less soil 
incubation experiments with multiple soil textures (i.e., silt loam and silty clay loam) in a 
saturated-/flooded-soil environment. Specific objectives of this study included: i) evaluation of 
the effects of a chemically precipitated, wastewater-recovered struvite and several other 
commercially available, fertilizer-P sources on soil chemical properties in a flooded-soil 
environment (Soil Incubation 1) and ii) assess the effects of an electrochemically precipitated 
struvite (ECST) compared to a chemically precipitated, wastewater-recovered struvite and 
several other commercially available, fertilizer-P sources on soil chemical properties in a 
flooded-soil environment (Soil Incubation 2). In Soil Incubation 1, it was hypothesized that 
chemically precipitated, wastewater-recovered struvite (Crystal Green, CG) would have similar 
water-soluble (WS) and weak-acid-extractable (WAE) P concentrations as monoammonium 
phosphate (MAP) and triple superphosphate (TSP), but greater WS- and WAE-Mg 
concentrations than either MAP or TSP over time due to the initially greater Mg concentration in 
struvite. In Soil Incubation 2, it was hypothesized that ECST will have similar WS- and WAE-P 
concentrations as CG and diammonium phosphate (DAP) and greater WS- and WAE-P 





struvite sources (i.e., ECST and CG) over time due to the initially greater Mg concentration in 
struvite. 
 
Materials and Methods 
Soil Collection and Characterization 
 Several soils were collected to capture a range of chemical and physical soil properties 
from representative, row-crop agricultural sites throughout Arkansas for laboratory soil 
incubation experiments. In December 2017, roughly 10, 20-L buckets of three soils were 
collected within the top 10 to 15 cm of the soil surface. A Dardanelle silty clay loam (fine-silty, 
mixed, superactive, thermic Typic Argiudoll; SSS-NRCS-USDA, 2015) was collected from the 
Vegetable Research Station near Kibler, AR. The Dardanelle soil had a previous history of 
soybean (Glycine max L.) production. A Henry silt loam (coarse-silty, mixed, active, thermic 
Typic Fragiaqualf; SSS-NRCS-USDA, 2015), which was previously cropped to a rice-soybean 
rotation for at least the prior 5 years, was collected from the Pine Tree Branch Station close to 
Colt, AR. A Calloway silt loam (fine-silty, mixed, active, thermic Aquic Fraglossudalf; SSS-
NRCS-USDA, 2015), which had a recent history of wheat (Triticum aestivum)-soybean rotation 
for the previous 15 years, was collected from the Cotton Branch Experiment Station near 
Mariana, AR. After collection, soils were physically moist-sieved through a 7-mm mesh sieve, 
air-dried for nearly two weeks, and kept in 20-L buckets. 
 Soil sub-samples were prepared in triplicate for each soil for physical and chemical 
analyses. Soil sub-samples were oven-dried at 70°C for 48 hours, mechanically crushed, and 
sieved via a 2-mm mesh screen. Particle-size analyses were performed in triplicate using a 





Bauder, 1986). Soil organic matter (SOM) concentration was determined gravimetrically by 
weight-loss-on-ignition, which was determined over a 2-hr period of combustion using a muffle 
furnace set at 360°C (Zhang and Wang, 2014). Electrical conductivity (EC) and soil pH were 
measured potentiometrically in a 1:2 (mass/volume) soil-to-water paste ratio (Brye et al., 2004; 
Sikora and Kissel 2014). Total nitrogen (TN) and total carbon (TC) concentrations were 
measured by high-temperature combustion (VarioMax CN analyzer, Elementar Americas, Inc., 
Mt. Laurel, NJ; Provin, 2014). Undisturbed bulk density was estimated for each soil by multiple 
regression analyses, as detailed by Saxton et al. (1986), using measured clay, sand, and SOM 
concentrations in the soil water characteristics sub-routine of the Soil-Plant-Atmosphere-Water 
Field & Pond Hydrology (SPAW) model (version 6.02.75; USDA-NRCS, 2017). Sub-samples 
were collected to determine the gravimetric water content of the air-dried soils. Air-dried sub-
samples were weighed, oven dried at 70°C for 48 hours, and reweighed. 
 Initial extractable soil elemental concentrations were determined in triplicate for each of 
the three soils. A water extraction was performed with a 1:10 soil mass:water volume ratio, 
where the soil suspensions were stirred for 1 hour, filtered through a 0.45-µm filter, and analyzed 
by inductively coupled, argon-plasma spectrometry (ICAPS; Spectro Arcos ICP, Spectro 
Analytical Instruments, Inc., Kleve, Germany; Zhang et al., 2014) to determine water-soluble 
(WS) elemental concentrations [i.e., phosphorus (P), potassium (K), magnesium (Mg), calcium 
(Ca), and iron (Fe)]. A Mehlich-3 extraction (Tucker, 1992) was conducted with a 1:10 
(mass:volume) soil:extractant solution proportion to quantify weak-acid extractable (WAE) 
nutrient concentrations (i.e., P, K, Ca, Mg, and Fe). A strong-acid digest was performed using 





acid followed by heating, and analyzed by ICAPS to determine total-recoverable (TR) elemental 
concentrations (i.e., P, K, Mg, Ca and Fe).  
 
Fertilizer-P Sources and Analyses 
 Two sources of struvite were used in this study: i) an electrochemically precipitated 
struvite generated from artificial wastewater by researchers in the Department of Chemical 
Engineering at the University of Arkansas and ii) a chemically precipitated, commercially 
available struvite source Crystal Green (Ostara Nutrient Recovery Technologies, Inc.). In 
addition to the two sources of struvite, four additional commercially available P fertilizer sources 
were used in total for both soil incubation experiments: RP, TSP, MAP, and DAP. 
 Particle sizes of the various fertilizers in their raw forms differed among fertilizer-P 
sources and varied from powder to crystals to small pellets (i.e., prills). Triple superphosphate, 
MAP, DAP, and CG were in pelletized form, while RP was in powdered form, and ECST was in 
crystalline form. Of the pelletized fertilizer amendments (i.e., TSP, MAP, DAP, and CG), a sub-
sample of 100 pellets was separated and the diameter of each pellet was measured with a caliper 
to determine the particle-size distribution of the pelletized fertilizers. Average diameters of the 
pelletized fertilizer-P sources were 3.2 (± 0.64) mm for TSP, 3.4 (± 0.58) mm for MAP, 2.9 (± 
0.60) mm for DAP, and 2.9 (± 0.57) mm for CG. Pelletized fertilizers were mechanically crushed 
and chemically characterized in powdered form to enable direct comparisons among fertilizer-P 
sources.  
 Similar to three soils used in the study, chemical analyses were conducted for each of the 
fertilizer-P sources. Five subsamples of each fertilizer-P source were used for chemical analyses. 





ratio (Sikora and Kissel, 2014) for each fertilizer material except for ECST due to the relatively 
large mass required for these analyses and the limited supply of ECST that was available to use. 
Total N and TC concentrations were measured by high-temperature combustion (Elementar 
VarioMax CN Analyzer; Provin, 2014). Water-soluble elemental concentrations (i.e., P, K, Mg, 
Ca, and Fe) were determined using a 1:10 fertilizer mass:water volume ratio, where the mixture 
was agitated for 1 hour, filtered through a 0.45-µm filter, and analyzed by ICAPS, to represent 
relevant concentrations that would become environmentally available after interaction with 
rainwater. Plant-available nutrient concentrations were determined by weak-acid extraction, in 
which elemental concentrations (i.e., P, K, Ca, Mg, and Fe) were evaluated after Mehlich-3 
extraction using a 1:10 fertilizer mass:extractant volume ratio (Tucker, 1992) and analyzed by 
ICAPS (Zhang et al., 2014). A strong-acid digestion (EPA, 1996) was conducted, with analysis 
by ICAPS, to evaluate the total-recoverable (TR) elemental concentrations (i.e., P, K, Ca, Mg, 
and Fe) to represent the maximum nutrient concentration that could become environmentally 
available. The chemical composition of the various fertilizer-P sources used in this study are 
summarized in Table 1. 
 
Soil Incubation Experiments 
Phosphorus fertilizer dynamics were evaluated under flooded soil conditions in two soil 
incubation experiments to determine the behaviors of the various fertilizer-P sources in three 
agricultural soils in a simulated rice production system, in which flooding is a common practice 
in Arkansas rice production. Soil Incubation 1 was conducted in a semi-climate-controlled 
greenhouse setting and Soil Incubation 2 was conducted in a climate-controlled laboratory 





the duration using an Acurite thermometer (model 00554SBDI, Chaney Instrument Co., Lake 
Geneva, WI).  
 
Soil Incubation 1: Struvite-P Behavior Under Flooded-soil Conditions 
 Soil Incubation 1 was designed to assess the behavior of the chemically precipitated, 
commercially available, wastewater-recovered CG struvite material in three agronomically 
relevant, Arkansas soils [i.e., Dardanelle silty clay loam (hereafter referred to as SiCL), 
Calloway silt loam (hereafter referred to as SiL 1), and Henry silt loam (hereafter referred to as 
SiL 2)] in a plant-less flooded soil environment. Soil Incubation 1 was conducted over a four-
month period from July 18 to November 7, 2018. Plastic soil cups, 10.5 cm in diameter at the top 
and 4.5-cm tall, were used throughout each soil incubation experiment. Five holes were drilled 
into the covers of the soil cups to permit some air exchange throughout the incubation. 
All three soils (SiCL, SiL 1, and SiL 2) were used in soil incubation 1. Three soil cup 
replicates were prepared for each fertilizer-soil treatment combination and destructively sampled 
five times over the 4-month incubation period (i.e., 0.5, 1, 2, 3, and 4 months). One hundred and 
fifty grams (150 g) of air-dried soil (± 1 g) were added to each plastic cup. One of the four 
fertilizer amendments [i.e., pelletized MAP (93.7 ± 10 mg), pelletized TSP (107.6 ± 10 mg), 
pelletized CG (170.7 ± 10 mg), and an unamended control (UC)] were added to the soil-filled 
cups. The fertilizer rate of each fertilizer-P source was calculated from the University of 
Arkansas’ recommended P-fertilization rate for the calculated average soil test-P concentration 
(University of Arkansas Extension, 2018) and the TR-P concentration of the different fertilizer-P 
sources. After fertilizers were added, the soil cups were individually shaken in a circular and up 





cups were approximated for each soil and were 0.93 g cm-3 for the SiCL and 0.99 g cm-3 for both 
SiL soils. A total of 180 cups were prepared for Soil Incubation 1. 
 Soil Incubation 1 involved two distinctly different water schemes. For the first month of 
the incubation, soil cups were watered gravimetrically to a pre-determined target mass for each 
soil to mimic a natural wetting and drying cycle in the field. The target watering mass was 
derived from the measured gravimetric water content of the air-dried soils and the estimated bulk 
densities from the SPAW model. The target gravimetric water contents ranged from 0.203 to 
0.204 g g-1 for each soil and were approximated by the SPAW model that was used to estimate 
field moisture capacity for each soil. Soil cups were initially watered after the incorporation of 
the fertilizer treatments. Soil cups were wetted to each soil’s designated target mass using tap 
water and randomly arranged on a three-level wooden shelf structure. Soil moisture was closely 
monitored during the first month of the experiment due to the increased evaporation that 
occurred in the greenhouse, such that the soil cups were rewetted three times a week to their 
designated target mass. Over the first month of the incubation, the soil cups experienced a full 
wetting and drying cycle designed to simulate the first month after a rice crop was planted in the 
direct-seeded, delayed-flood rice production system, which is widely used in Arkansas.  
 After one month of incubation, a flood was imposed on the soil cups to mimic actual field 
conditions of a delayed-flood rice production system. To minimize erosion, water was added to 
each soil cup using a hose with a low-flow nozzle. A flood depth of approximately 1 cm was 
established in each of the soil cup and was closely monitored every two days to ensure water 
levels were maintained at a constant ponding depth. For the warmer months of July and August, 
the soil cups were watered three times a week due to increased evaporation in the greenhouse. 





times a week due to lower evaporation rates. An approximate final soil bulk density was 
determined for each soil after the last flooded-incubation interval. After initial settling, resulting 
final soil bulk densities were approximately 1.09, 1.09, and 1.08 g cm-3 for SiL 1, SiL 2, and 
SiCL, respectively.  
 All soil cups were arranged on a single, three-level, wooden-shelf structure that was 
constructed to contain the soil incubation cups in the greenhouse environment. The structure was 
73-cm tall, 125.5-cm long, and 123-cm wide. On the wooden-shelf structure, soil cups were 
randomly and evenly distributed among the three levels. Soil cups were initially rotated among 
the three shelves three times a week to ensure the soil cups underwent uniform environmental 
conditions (i.e., light and air-flow exposure) over the duration of the 4-month incubation period.  
 Algae growth was an unintentional issue throughout Soil Incubation 1 and was prevalent 
after 1 week of flooded conditions (i.e., 5 weeks of incubation). Algae growth intensified over 
the course of the incubation and by the third week post-flood, all soil cups had some form of 
algae growth on the water surface or sides of soil cups. Due to the potential of compromising the 
soil surface, algae were not removed until soil cups were destructively sampled. 
 Soil cups were destructively sampled after five incubation periods: 0.5, 1, 2, 3, and 4 
months. Flood water was drained and discarded, and soil was removed from the plastic cups, 
oven-dried for 48 hours at 70°C, mechanically crushed, and sieved through a 2-mm mesh screen. 
Water-soluble and WAE analyses were conducted, as previously described for initial soil 
samples, to evaluate extractable nutrient concentrations (i.e., P, K, Mg, Ca, and Fe) over time. 






 Incubation cups received regular sunlight and ventilation in the greenhouse environment. 
The ambient air temperature ranged from 17.2 to 36.1 oC and averaged 26.4 oC over the course 
of the 4-month incubation period. The ambient relative humidity varied from 32 to 91% and 
averaged 67.7%.  
 
Soil Incubation 2: Electrochemically Precipitated Struvite-P Behavior Under Flooded-soil 
Conditions 
 Soil Incubation 2 was designed to assess the fertilizer-P behavior of the two struvite 
sources (i.e., ECST and CG) DAP and RP in three Arkansas soils in a plant-less, flooded-soil 
environment to mimic the rice production system. Similar to Soil Incubation 1, Soil Incubation 2 
was conducted over a 4-month period from June 20, 2019 to September 12, 2019. Soil 
Incubation 2 was set up in a nearly identical manner as described above for Soil Incubation 1. 
However, to accommodate a larger quantity of plastic cups, two, three-level, wooden shelf 
structures were needed for Soil Incubation 2. 
 Similar to Soil Incubation 1, all three soils (i.e., SiL 1, SiL 2, and SiCL) were used in Soil 
Incubation 2. For each of the five planned sampling intervals of the 4-month incubation period, 
soil cups were prepared in triplicate for each soil-fertilizer treatment combination. Also similar to 
Soil Incubation 1, 150 g of air-dried soil were added to each plastic cup. One of the five fertilizer 
treatments [i.e., pelletized DAP (106.9 ± 10 mg), powderized RP (257 ± 10 mg), pelletized CG 
(170.7 ± 10 mg), crystallized ECST (88.5 ± 10 mg), and an UC] was applied to each soil cup. 
Fertilizers were applied at fertilizer rate of 56 kg P2O5 ha
-1 (24.5 kg of P ha-1). After the 
application of the fertilizer, each soil cup was individually shaken for approximately 10 seconds 





incorporated, soil cups were randomly distributed among the two, three-level wooden shelf 
structures that were placed side-by-side in the laboratory. Soil cups were rotated among shelves 
every two weeks over the course of the incubation. A total of 225 soil cups were prepared for 
Soil Incubation 2.  
 Soil cups were watered using a nearly identical procedure for Soil Incubation 1, in which 
two watering schemes were used. Over the first month of the incubation, a target mass was 
determined for each soil based on a set target gravimetric water content. Soil cups were initially 
watered on the same day as the fertilizer incorporation, in which soil cups were moistened 
gravimetrically to a specific target mass using tap water. The target watering mass was derived 
from the estimated field moisture capacity for each soil from the SPAW model. Soil cups were 
rewetted to their target mass using the identical process after 2 weeks of incubation. At 1-month 
of incubation and thereafter, a flood was imposed on the remaining soil cups using tap water, of 
which an approximate 1 cm of ponded water was imposed and maintained in each soil cup. After 
the flood was imposed, 1 drop of API POND ALGAEFIX algaecide (Mars Fishcare North 
America, Inc., Chacfont, PA) was applied to each soil cup to prohibit the growth of algae. Water 
levels were monitored regularly, and soil cups were rewetted every two weeks to maintain a 1-
cm flood depth in each soil cup. 
 After the flood was imposed on the soil cups, soil oxidation-reduction potential (mV) was 
measured in four random flooded soil cups at two separate sampling times after 2.5- and 3.5-
months of incubation using a VWR Symphony SB80PC benchtop pH/conductivity meter and 
electrode (VWR International, Radnor, PA) to determine if reducing conditions were present in 





as close to the soil surface as possible. However, due to the variability between soil cups, the mV 
measurements that were obtained were highly variable and ranged from -69.4 mV to 62.4 mV.  
 Over the 4-month incubation period, soil cups were destructively sampled after five 
incubation periods: 0.5, 1, 2, 3, and 4 months. As previously described for Soil Incubation 1, 
water was poured out of each cup and discarded and the soil was removed. Soil was oven-dried 
for 48 hours in a forced-draft oven at 70°C, mechanically crushed, and sieved through a 2-mm 
mesh screen. Water-soluble and WAE analyses were performed, as previously described for Soil 
Incubation 1, to evaluate extractable nutrient concentrations (i.e., P, K, Ca, Mg, and Fe) over 
time. Soil pH and EC were measured, as previously described, after each sampling time.  
 Over the course of the 4-month incubation period, the ambient air temperature in the 
climate-controlled laboratory ranged from 21.0 to 22.5 oC and averaged 21.6 oC. The ambient 
relative humidity ranged from 52 to 58% and averaged 56.2%. In the laboratory, incubation cups 
received regular sunlight through a window in the laboratory and fluorescent lighting while 
lights were on during the day.   
 
Statistical Analyses 
 Based on a completely randomized design, a one-factor analysis of variance (ANOVA) 
was conducted using the PROC GLIMMIX procedure to evaluate the effect of soil (i.e., SiCL, 
SiL 1, and SiL 2) on WS, WAE, and TR soil elemental (i.e., P, K, Mg, Ca and Fe), TC, TN, and 
SOM concentrations and EC and pH in SAS (version 9.4, SAS institute, Inc., Cary, NC). For 
Soil Incubation 1, based on a split-split-plot, randomized experimental design, a three-factor 
ANOVA was conducted in SAS using the PROC GLIMMIX procedure to evaluate the effects 





0.5, 1, 2, 3, and 4 months), and their interactions on the change in soil EC, pH and WS and WAE 
elemental concentrations (i.e., P, K, Mg, Ca, and Fe) from their initial magnitudes. The split-
split-plot factor was time, the split-plot factor was fertilizer amendment, and the whole-plot 
factor was soil. For Soil Incubation 2, based on an identical split-split-plot, randomized design as 
Soil Incubation 1, a three-factor ANOVA was also conducted using PROC GLIMMIX in SAS to 
evaluate the effects of soil (i.e., SiL 1, SiL 2, and SiCL), fertilizer treatment (i.e., DAP, RP, CG, 
ECST, and UC), time (0.5, 1, 2, 3, and 4 months), and their interactions on the change in soil pH, 
EC, and WS and WAE nutrient concentrations (i.e., P, K, Mg, Ca, and Fe) from their initial 
magnitudes. The whole-plot factor was soil, the split-plot factor was fertilizer amendment, and 
the split-split-plot factor was time. When appropriate, means from all conducted analyses were 
separated by a least significant difference at the 0.05 level. 
 
Effect of Algae 
 The presence of algae in Soil Incubation 1 was a potential loss mechanism for minor 
concentrations of WS and WAE nutrients (i.e., P, K, Mg, Ca, and Fe). Consequently, additional 
soil cups were prepared in conjunction with Soil Incubation 2 to assess the effect of algae growth 
on WS and WAE concentrations in all fertilizer treatments that were used in both Soil Incubation 
experiments. As previously described for Soil Incubation 1 and 2, all three soils (i.e., SiCL, SiL 
1, and SiL 2) were used in the additional soil cups. Approximately 150 g of air-dried soil were 
added to each soil cup. One of seven fertilizer treatments [i.e., pelletized MAP (93.7 ± 10 mg), 
pelletized DAP (106.9 ± 10 mg), pelletized TSP (107.6 ± 10 mg), powderized RP (257 ± 10 mg), 
pelletized CG (170.7 ± 10 mg), crystallized ECST (88.5 ± 10 mg), and UC] was applied to each 





The additional algae-effect soil cups were watered and rotated among shelves in an identical 
manner as described above for Soil Incubation 2, except for the algaecide treatment, which was 
not used in the additional algae effect soil cups. All soil cups were destructively sampled after 
the final sampling interval (i.e., 4 months) and the effect of algae was planned to be evaluated by 
two different methods. However, no algae growth was present in any soil cups after 4 months of 
incubation. All soil cups were therefore destructively sampled in a similar procedure as 
mentioned above for Soil Incubation 1 and 2, in which soil was oven-dried at 70 °C for 48 hours, 
sieved through a 2-mm mesh screen, and WS and WAE analyses were conducted to evaluate the 
change in extractable nutrient concentrations (i.e., P, K, Ca, Mg, and Fe) over time. In addition, 
soil pH and EC were also conducted, as previously described, after the 4-month sampling 
interval. 
 
Results and Discussion 
Initial Soil Properties 
 Three soils were used for both sets of soil incubations, which offered a relatively wide 
range of soil physical and chemical properties. Initial soil clay, silt, pH, EC, SOM, TN, and C:N 
ratio differed among soils (P < 0.05; Table 1). Major differences in sand, silt, and clay 
concentrations among soils existed due to the different soil textural classes represented in the 
soils used in the study. Soil sand concentration was greatest in the SiL 1 (0.12 g g-1) and lowest 
in the SiCL soil (0.07 g g-1; Table 1). Additionally, soil clay concentration was greatest in the 
SiCL (0.37 g g-1) and lowest in the SiL 2 soil (0.11 g g-1; Table 1). In contrast, soil silt 






 Soil pH varied only slightly (± 0.20 pH units) among soils, with the most acidic 
conditions in the SiCL and SiL 1 soils (pH 6.50 and 6.53, respectively), which did not differ, and 
both were more acidic than that in the SiL 2 soil (pH 6.70; Table 1). Soil EC, SOM, TC, and TN 
were lowest in the SiL 2 (0.164 dS m-1 and 0.019, 0.009, and 0.0008 g g-1, respectively) and 
greatest in the SiCL soil (0.273 dS m-1 and 0.025, 0.012, and 0.0011 g g-1, respectively; Table 1). 
In addition, EC was similar in both SiL 1 and SiL 2 soils.   
 Water-soluble (WS) elemental concentrations were generally at least numerically lower 
than weak-acid-extractable (i.e., Mehlich-3 extractable; WAE) concentrations, which were 
numerically lower than total-recoverable (TR) concentrations. All WS elements (i.e., P, K, Ca, 
and Mg) differed among soils (P < 0.05), except for WS-Fe concentrations, which did not differ 
among soils, and averaged 47.9 mg kg-1 (Table 2). Initial WS-P (9.60 mg kg-1), -K (44.7mg kg-1), 
-Ca (74.3 mg kg-1), and -Mg (28.0 mg kg-1) concentrations were greatest in the SiCL soil, 
whereas the lowest WS-P and -Mg concentrations were in the SiL 2 soil (3.70 and 17.7 mg kg-1, 
respectively) and the lowest WS-K concentration was in the SiL 1 soil (25.3 mg kg-1; Table 2). 
Additionally, initial WS-Ca concentrations were similar and lowest in the SiL 1 and SiL 2 soils 
(62.7 and 62.0 mg kg-1, respectively; Table 2).  
 Like WS elements, all WAE concentrations (i.e., P, K, Ca, Mg, and Fe) differed among 
soils (P < 0.05; Table 2). Similar to WS, the greatest concentration of WAE-P (143 mg kg-1), -K 
(485 mg kg-1), -Ca (4328 mg kg-1), and -Mg (774 mg kg-1) were all in the SiCL soil, while the 
lowest WAE-P and -Mg concentrations were in the SiL 2 soil (19.7 and 365 mg kg-1, 
respectively) and the lowest WAE-Ca concentration was in the SiL 1 soil (1842 mg kg-1; Table 
2). Additionally, the WAE-K concentrations were similar and lowest in the SiL 1 and SiL 2 soils 





concentration was lowest in the SiCL (175 mg kg-1) and greatest in the SiL 2 soil (459 mg kg-1; 
Table 2). 
 Similar to WS and WAE elemental concentrations, TR elemental concentrations (i.e., P, 
K, Ca, Mg, and Fe) differed among soils (P < 0.05; Table 2). Similar to WS and WAE 
concentrations, TR-P (672 mg kg-1), -K (5828 mg kg-1), -Ca (4463 mg kg-1), -Mg (8544 mg kg-1), 
and -Fe (27880 mg kg-1) concentrations were greatest in the SiCL soil, while the lowest TR-P 
(297 mg kg-1), -K (892 mg kg-1), -Mg (1236 mg kg-1), and -Fe (14297 mg kg-1) concentrations 
were in the SiL 2 soil (Table 2). In addition, the lowest TR-Ca (1757 mg kg-1) concentrations 
were in the SiL 1 soil (Table 2). The wide range in initial physical and chemical properties of the 
soils used offer a unique opportunity to evaluate and better understand the behavior of struvite-P 
under flooded-soil conditions, as is characteristic of rice production. 
 
Bulk Density and Gravimetric Water Content 
 Soil cups were prepared with a uniform mass of air-dried soil, but achieved varying 
initial bulk densities. Initial mean bulk density ranged from 1.28 g cm-3 for the SiCL to 1.43 g 
cm-3 for the SiL 2 soil (Table 3). Accounting for particle-size distributions, estimated bulk 
densities, and measured SOM concentrations, target soil water contents for periodic rewetting the 
incubating soil during the moist-soil, non-flooded period (i.e., the 0.5- and 1-month sampling 
intervals) varied by < 0.01 g g-1 (i.e., 0.20 g g-1; Table 3). After the first month of the incubation, 
periodic rewetting was uniform among all soils, as soil was saturated and an additional 2 cm of 
ponded water (i.e., to simulate the flood common to rice production) was applied and maintained 






Soil Incubation 1: Struvite-P Behavior Under Flooded-soil Conditions 
Change in Soil pH and Electrical Conductivity 
 The change in soil pH from the initial soil pH, averaged across sampling time, differed 
among fertilizer amendments within soils (P < 0.05; Table 4). Soil pH decreased from the initial 
more for MAP than TSP, but did not change from the initial for the CG and unamended control 
treatments in the SiCL soil (Figure 1). In contrast, soil pH increased from the initial more for the 
CG and unamended control than the TSP treatment, while soil pH did not change from the initial 
for the MAP treatment in the SiL 2 soil (Figure 1). Soil pH did not change from the initial and 
did not differ among fertilizers treatments in the SiL 1 soil (Figure 1). The change in pH among 
fertilizers varied across soils largely due to the initial physiochemical properties and buffering 
capacities of the different soils used in the incubation, as well as the soils’ interaction with the 
different chemical compositions of the various fertilizers. The general effect of flooding 
previously drained soils causes an increase in pH in acidic soils and a decrease in pH in alkaline 
soils, with the former being caused by the reduction of Fe3+, and the latter being derived from the 
accumulation of first CO2 and then carbonic acid (Mitsch and Gosselink, 2000).  
Soil pH was also affected by the different compositions of the fertilizers, which included 
different forms of P ions (H2PO4
- and HPO4
2-; FTRC, 2015) and various cations including Ca2+, 
Mg2+, and NH4
+. Fertilizers containing H2PO4
-, such as MAP and TSP, can have an acidifying 
effect in soils with pH > 7.2 due to the dissociation of H+ (FTRC, 2015), yet this effect was 
likely a minor factor due to the slightly acidic soils used in the incubation (Table 1). The major 
cause of the variation in soil pH among fertilizers likely occurred due to the different levels of 
affinity of the cations (i.e., Ca2+, Mg2+, and NH4
+) present in the fertilizers used in the incubation 
(Table 1). The various cations (i.e., Ca2+, Mg2+, and NH4





cation exchange sites than H+, likely displaced H+ into the soil at different concentrations 
(Montalvo et al., 2014; Nascimento et al., 2018). Additionally, in each of the three soils, the 
change in pH in the CG treatment was similar to that for the unamended control, which 
substantiates the slow-release nature that has generally been reported for the CG product 
(Rahman et al., 2014; Degryse et al., 2017; Nascimento et al., 2018; Anderson et al., 2020) with 
virtually no change in soil pH after four months of incorporation and three months of saturation. 
Furthermore, the CG pellets were generally still intact and present at the 4-month sampling 
interval, even after three months of saturation, which was not observed in any other fertilizer 
treatment. 
 The change in soil pH, averaged across fertilizer amendments, also differed among soils 
over time (P < 0.05; Table 4). In each of the three soils, soil pH at least numerically decreased 
from the initial throughout the first month of incubation (Figure 2). Fertilizers under moist 
conditions likely resulted in an acidifying effect during the first month, which was triggered by 
an influx of cations, such as Mg2+, Ca2+, and NH4
+, from the dissolving fertilizers, ultimately 
causing an increase in soil acidity by the displacement of hydrogen ions (H+) from cation 
exchange sites into the soil solution (Montalvo et al., 2014; Nascimento et al., 2018). After 0.5 
months of incubation, soil pH decreased more in the SiCL and SiL1 soils, which did not differ, 
than that in the SiL 2 soil, which did not change from the initial. By 1 month of incubation, soil 
pH decreased more in the SiCL and SiL 1 soils, which did not differ, than that in the SiL 2 soil. 
After the first month of incubation, during the saturated-/flooded-soil period, soil pH generally 
increased from the initial in each soil (Figure 2). The flooded-soil environment likely reduced the 
soil redox potential in the soil cups, which tends to increase soil pH of acidic soils due to the 





transformation of Fe3+ to Fe2+, consumes H+ ions during the reaction, which causes an increase in 
soil pH in acidic soils (Sposito, 2008). After 2 months of incubation, soil pH increased from the 
initial more in the SiL 2 soil than from the SiCL and SiL 1 soils, which did not differ (Figure 2). 
After 3 months of incubation, soil pH increased from the initial more in the SiL 1 and 2 soils, 
which did not differ, than from the SiCL soil (Figure 2). After 4 months of incubation, soil pH 
increased from the initial more in the SiL 1 and 2 soils, which did not differ, than from the SiCL 
soil that did not change from the initial (Figure 2). Between the 2- and 4-month sampling 
intervals, the change in soil pH from the initial generally decreased (Figure 2). The general 
decrease in soil pH between 2- and 4-months of incubation was likely the result of the continued 
dissolution of the fertilizers and displacement of H+ ions from exchange sites.  
 The change in soil EC from the initial soil EC, averaged among soils, differed among 
fertilizer treatments over time (P < 0.05; Table 4). Soil EC increased from the initial in all 
treatments over the first month of incubation in moist soil (Figure 3). The soil EC increased from 
the initial during the first month of the experiment likely due to the increased concentration of 
soluble soil constituents into limited soil moisture as the various fertilizers dissolved after 
application and incorporation (Fageria et al., 2011). After 0.5 and 1 month of incubation, soil EC 
changed from the initial the most in the MAP among all treatments (Figure 3). Soil EC generally 
increased more after 1 month than after 0.5 month in all treatments. Similar to the change in soil 
pH, the change in soil EC after the first month of the incubation, when the soil was saturated and 
flooded, dramatically changed in all treatments (Figure 3). After 2 months of incubation (i.e., 1 
month of saturated/flooded conditions), the soil EC change from the initial had decreased 
compared to earlier in the incubation, was similar among all treatments, and was similar to the 





increase after imposing flooded conditions due the release of macro- and micronutrients into 
solution, however, this was not observed in the current incubation (Fageria et al., 2011). 
Consequently, the decrease in soil EC in all treatments was more likely due to dilution caused by 
the additional water saturating the soil cups. After 3 months of incubation (i.e., 2 month of 
saturated/flooded conditions), soil EC continued to decrease from the initial compared to earlier 
in the incubation, was lower than the initial soil EC in all treatments, but did not differ among 
treatments. After 4 months of incubation (i.e., 3 months of saturated/flooded conditions), soil EC 
increased from the initial more from CG than from TSP, while no change from the initial 
occurred for both MAP and the unamended control. 
 
Change in Water-soluble Soil Concentrations 
 The change in WS-P and -K concentrations differed among soil-fertilizer treatment 
combinations over time (P < 0.05; Table 4). The change in WS-P from the initial was generally 
at least numerically greatest in the CG treatment in each soil over time (Figure 4). Though part of 
the significant interaction, fertilizer treatment appeared to have a larger effect on the change in 
WS-P concentration over time than did the soil treatment. During the first month of the 
incubation, the change in WS-P concentration from the initial in the CG treatment was generally 
more than double the change in WS-P concentrations of the other treatments (Figure 4). The 
greater WS-P concentration in the CG was unexpected due to the reported slow-release 
characteristics of struvite that have been previously documented in several studies (Rahman et 
al., 2014; Degryse et al., 2017; Nascimento et al., 2018; Anderson et al., 2020). It is possible that 
the slow addition of P from the dissolving CG material remained in solution rather than being 





test-P concentration among the three soils (Table 2), which meant that there was already a 
relatively large concentration of soil-adsorbed P in the SiCL soil to keep the equilibrium shifted 
to the solution phase rather than the solid phase of the soil. While the CG treatment had a 
substantially increased WS-P concentration from the initial, no visible dissolution of the CG 
pellets was observed during the first month of the incubation when the incubation cups were 
destructively sampled. In contrast, both the MAP and TSP pellets had some discoloration and 
visible deterioration of the fertilizer pellets during the first month of the incubation. After 2 
months of incubation, the change in WS-P concentration from the initial generally decreased in 
all fertilized treatments from earlier in the incubation, but the WS-P concentration only from the 
CG treatment in the SiCL and SiL 1 soils was greater than the initial concentration, whereas the 
WS-P concentration for all other fertilizer-soil combinations did not differ from the initial 
concentration (Figure 4). After 3 months of incubation, the change in WS-P concentration from 
the initial continued to generally decrease in all fertilized treatments from earlier in the 
incubation, but the WS-P concentration only from the CG treatment in the SiCL and SiL 2 soils 
was greater than the initial concentration, whereas the WS-P concentration for all other fertilizer-
soil combinations did not differ from the initial concentration (Figure 4). By 4 months into the 
incubation, the WS-P concentration in all fertilizer-soil combinations did not differ from the 
initial concentration (Figure 4). Water-soluble-P concentrations at least numerically decreased in 
the fertilized treatments by four months into the incubation likely due to transformation 
processes, such as clay adsorption, possible immobilization by soil microorganisms as the initial 
soil used for the incubation was not pasteurized or sterilized, and precipitation of secondary 






 In contrast to the general increase in WS-P from the initial concentration in all fertilizer-
soil combinations, the change in WS-K concentration under moist-soil conditions (i.e., within the 
first month of incubation) varied greatly between fertilizer-soil treatment combinations. (Figure 
5). After 0.5 months of incubation, the WS-K concentration had increased from the initial in the 
CG-SiCL and MAP-SiL 2 combinations, had decreased in the TSP-SiCL, UC-SiCL, UC-SiL 2, 
and UC-SiL 1 combinations, and did not change from the initial in all other treatment 
combinations. After 1 month of incubation, the WS-K concentration had increased from the 
initial in the CG-SiCL, MAP-SiCL, CG-SiL 2, and MAP-SiL 2 combinations, had decreased in 
the UC-SiL 1 combination, and did not change from the initial in all other treatment 
combinations (Figure 5). The variable WS-K response among fertilizer-soil combinations during 
the first month of incubation is likely the result of the influx of various cations (i.e., NH4
+, Ca2+, 
and Mg2+) from the fertilizers that can affect the soil’s CEC, which likely differed among the 
soils used in the incubation, and alter the soil-solution cation concentration. As previously 
mentioned, the chemical compositions of each fertilizer were considerably different, specifically 
the carrier cations associated with each fertilizer, which may have impacted WS-K response. The 
cations associated with the fertilizers in this incubation included Ca2+ in TSP, NH4
+ in MAP, and 
Mg2+ and NH4
+ in CG (Anderson et al., 2020). After the soil was flooded at the 1-month interval, 
the WS-K concentration had decreased from the initial for all fertilizer-soil treatment 
combinations after 2, 3, and 4 months of incubation (Figure 5). Water-soluble-K concentrations 
decreased in all fertilizer-soil combinations during the flooded months of the incubation (i.e., 2-, 
3-, and 4-months) because the influx of divalent cations (i.e., Ca2+ and Mg2+) from the dissolving 
fertilizers likely replaced exchangeable K ions, which are only weakly sorbed to soil particles 





upon entering the soil solution. Additionally, upon destructive sampling, free water in all soil 
cups were drained, which may have included some concentration of WS-K that may have been in 
soil solution. 
 Averaged across fertilizer amendments, the change in WS-Ca concentrations differed 
among soils over time (P < 0.05; Table 4). Similar to WS-P and -K, the change in WS-Ca 
concentration from the initial among all soils was affected the most by the application of the 
flood after 1 month (Figure 2). Over the first 1 month of incubation in moist-soil conditions, the 
WS-Ca concentrations increased from the initial in all soils, with only minor differences 
occurring among soils, as a result of the dissolution of the Ca-containing fertilizers (Anderson et 
al., 2020). After the soil was saturated and flooded for 1 month, the WS-Ca concentrations 
decreased from the initial in all three soils, which did not differ. Similar to WS-K, WS-Ca 
concentrations likely decreased by 2 months of incubation due to the dilution effect in the 
saturated soil, which would tend to lower the soil-solution Ca concentration and shift the 
equilibrium from the solid to the liquid phase. After 3 months of incubation (i.e., 2 months of 
saturation and flooding), only the WS-Ca concentration in the SiL 2 soil remained lower than the 
initial, while that in the other two soils did not differ from the initial WS-Ca concentration. After 
4 months of incubation, the WS-Ca concentration in all three soils was similar to the initial 
concentration (Figure 2). The slight increase in WS-Ca concentrations that occurred after 2-
months of incubation was likely the result of the continued gradual dissolution of the Ca-
containing fertilizers that slowly increased the Ca concentrations in all soils despite the on-going 
dilution effect from the flooded-soil environment. 
 The change in WS-Ca concentrations also differed among fertilizer amendments over 





initial concentration over the first month of the incubation for all fertilizer amendments, with 
generally minor difference among fertilizers (Figure 3). The change in WS-Ca concentration was 
at least numerically greatest in the MAP treatment and at least numerically lowest in the 
unamended control within the first one month of incubation (Figure 3). After 2 months of 
incubation (i.e., after 1 month of saturated/flooded conditions), the WS-Ca concentrations had 
decreased from the initial in all treatments, again likely due to the dilution effect of the flooded-
soil environment (Figure 3). After 3 months of incubation, the WS-Ca concentrations remained 
lower than the initial concentration in all treatments, except for TSP, which had a WS-Ca 
concentration similar to the initial concentration (Figure 3). After 4 months of incubation, only 
the WS-Ca concentration from the unamended control remained lower than the initial 
concentration, while that in the other three fertilizer treatments was similar to the initial 
concentration (Figure 3). After 4 months of incubation, the WS-Ca concentration in the three 
fertilized treatments were similar to the initial likely due to the continued gradual dissolution of 
the Ca-containing fertilizers that occurred throughout the incubation that slowly increased WS-
Ca concentrations after the 2-month interval. 
 The change in WS-Mg concentrations independently differed among soils, differed 
between fertilizer amendments, and differed over time (P < 0.05; Table 4). Averaged across 
fertilizers and time, the WS-Mg concentration decreased from the initial in all soils, where the 
largest decrease from the initial occurred in the SiCL soil (-11.0 mg kg-1), while the smallest 
decrease occurred in the SiL 1 soil (-1.9 mg kg-1). Similarly, averaged across soils and time, the 
WS-Mg concentration decreased from the initial in all fertilizer amendments, where the largest 
decrease from the initial occurred in the unamended control (-9.42 mg kg-1) and smallest 





similar for the MAP and TSP treatments (-4.8 and -6.4 mg kg-1, respectively). While the change 
in WS-Mg differed between soils and between fertilizer amendments, the change in WS-Mg 
concentrations was impacted the most by time, specifically by the application of the flood. 
Averaged across soils and fertilizer amendments, the WS-Mg concentration increased from the 
initial after 0.5 months of incubation (0.08 mg kg-1) and increased more from the initial by 1 
month of incubation (6.5 mg kg-1). However, after the first month of incubation in moist soil, the 
WS-Mg concentration decreased substantially from the initial concentration. After 1 month of 
saturated/flooded conditions (i.e., 2 months of incubation), the WS-Mg concentration had 
decreased from the initial concentration (-13.1 mg kg-1) and remained lower than from the initial 
concentration to the end of the incubation after 4 months (-10.0 mg kg-1). 
 Averaged among fertilizer amendments, the change in WS-Fe concentrations differed 
within soils over time (P < 0.05; Table 4). Unlike soil pH, EC, and WS-K and -Ca 
concentrations, the change in WS-Fe concentration was not substantially affected by the 
imposition of saturated and flooded conditions after 1 month of incubation. The WS-Fe 
concentration had decreased from the initial concentration in all soils at each sampling period of 
the 4-month incubation (Figure 2). The WS-Fe concentration decreased the most in the SiL 2 soil 
at every time interval, while the WS-Fe concentration decrease from the initial was generally 
similar and stable over time for the SiCL and SiL 1 soils, with only minor differences in soils 
occurring over time (Figure 2). Although one of the intended responses of saturating the soil and 
ponding water was to create reducing conditions in the soil, it is likely that complete reduced 
conditions were not achieved. In a truly reduced soil environment, Fe concentrations have been 
shown to increase as a result of Fe3+ reduction to the soluble Fe2+ form under anaerobic 





incubation. The consistently lower WS-Fe concentrations across soils, compared to the initial, 
was likely caused by the continued fixation of Fe3+ to clays and relatively insoluble reaction with 
phosphate from the fertilizers over time, similar to the response in a previous, non-flooded soil 
incubation experiment (Anderson et al., 2020). 
 
Change in Weak-acid-extractable Soil Concentrations 
The change in WAE soil nutrient concentrations typically followed similar trends as their WS 
concentrations. However, WAE soil nutrient concentrations were generally numerically larger 
than WS soil concentrations due to increased availability from weak-acid extraction.   
Averaged over time, the change in WAE-P concentrations differed among fertilizer 
amendments within soils (P < 0.05; Table 4). The WAE-P concentration generally increased 
from the initial concentration among soil-fertilizer combinations, but with several exceptions. 
Similar to the change in WS-P concentration, the change in WAE-P concentration was at least 
numerically greatest in the CG treatment across all soils and the change in WAE-P 
concentrations in the fertilized treatments were greater than the change in the unamended control 
in all soils (Figure 1). Within the SiCL soil, the WAE-P concentration increased from the initial 
concentration for CG, decreased for the unamended control, and did not change from the initial 
concentration for MAP and TSP (Figure 1). Within the SiL 1 and 2 soils, the WAE-P 
concentration increased from the initial concentration for CG, MAP, and TSP, but did not change 
from the initial concentration for the unamended control (Figure 1). Within the SiCL soil, the 
WAE-P concentration in the unamended control decreased from the initial, which was likely 





respectively), resulting in a greater concentration of WAE-P precipitating out of soil solution 
with the inherently large Fe concentration. 
The change in WAE-P concentration also differed among soils over time (P < 0.05; Table 
4). The WAE-P concentrations had increased from the initial concentration at each of the 
sampling times during the incubation in both the SiL 1 and SiL 2 soils, which did not differ 
(Figure 6). The WAE-P concentration had increased from the initial concentration in the SiCL 
soil for both the 0.5- and 1-month sampling, but the WAE-P concentration did not differ from the 
initial concentration after the soil was saturated and flooded (Figure 6). The differences the 
trends of WAE-P concentration changes among the three soils was likely related to the greater 
initial clay content, OM, and Fe concentrations in the SiCL than in the other two SiL soils that 
can bind P, which would have allowed WAE-P to persist longer in the two SiL soils 
(Nongqwenga et al., 2017). 
The change in WAE-K concentrations differed independently among soils and differed 
over time (P < 0.05; Table 4). Averaged across fertilizer treatments and time, the WAE-K 
concentration decreased the greatest from the initial concentration in the SiCL soil (-119.3 mg 
kg-1) and decreased least in the SiL 1 soil (-34.5 mg kg-1). Averaged across soils and fertilizer 
amendments, the WAE-K concentration decreased from the initial concentration at all time 
intervals and the decrease was greatest for the 3-month sampling (–79.1 mg kg-1). However, by 
the 4-month sampling, the WAE-K concentration decreased from the initial concentration (-59.4 
mg kg-1) and was similar to the change measured at the 0.5- and 1-month samplings (-60.2 and -
62.1 mg kg-1, respectively). 
Averaged over time, the change in WAE-Ca differed among fertilizer amendments within 





all soil-fertilizer combinations but decreased the most for all fertilizer treatments in the SiCL 
soil, and generally decreased the least for all fertilizer treatments in the SiL 1 soil (Figure 1). 
Within each soil, only minor differences in WAE-Ca concentration change from the initial 
occurred among fertilizer treatments, but the WAE-Ca concentration decreased the least from the 
initial concentration in the TSP treatment in each soil (Figure 1). 
The change in WAE-Ca concentrations also differed among soils over time (P < 0.05; 
Table 4). Unlike WS-Ca concentrations, the change in WAE-Ca concentrations was unaffected 
by the imposition of saturated and flooded soil conditions. The WAE-Ca concentration decreased 
from the initial concentration in all soils at all sampling intervals through the incubation, but 
decreased the most at each time interval in the SiCL soils and decreased the least at each time 
interval in the SiL 1 soil (Figure 6). The decrease in WAE-Ca concentrations in all soils likely 
occurred because of the influx of P from the dissolution of fertilizers that occurred in throughout 
the incubation, resulting in the fixation of Ca ions to available-P in soil solution (Prasad et al., 
2016).  
The change in WAE-Mg concentrations differed independently among fertilizer 
amendments and differed over time (P < 0.05; Table 4). Averaged over soils and time, the WAE-
Mg concentration decreased from the initial concentration in all fertilizers, but decreased the 
least in the CG treatment (-10.7 mg kg-1) and decreased the most in the unamended control (-103 
mg kg-1). The WAE-Mg concentration from the initial concentration was intermediate in the 
MAP and TSP treatments (-93.6 and -99.2 mg kg-1, respectively), which did not differ. While the 
WAE-Mg concentration change from the initial concentration was smaller in the CG than in the 
MAP or TSP treatments, the difference was expected since the initial chemical analysis of the 





treatment than either MAP or TSP treatments (Anderson et al., 2020). Similar to the change in 
WAE-P, the change in WAE-Mg concentration suggests that CG can exhibit quick-release 
fertilizer properties even under saturated/flooded conditions. Additionally, the change in WAE-
Mg concentration from the initial concentration was similar between TSP and the unamended 
control treatment. Averaged across soils and fertilizer treatments, the WAE-Mg concentration 
decreased from the initial concentration over time. The WAE-Mg concentration decreased from 
the initial concentration the least after the first 0.5 months of incubation (-62.5 mg kg-1) and 
decreased the most after 4 months of incubation (-86.0 mg kg-1). 
Similar to WS-P and -K, the change in WAE-Fe concentrations differed among fertilizer 
amendments within soils over time (P < 0.05; Table 4). The change in WAE-Fe concentrations 
was complex and common trends were not observed among fertilizer-soil combinations. Though 
part of the significant interaction, the different soils used in the incubation appeared to have a 
greater effect on the change in WAE-Fe concentrations over time than did the fertilizer 
treatment. The WAE-Fe concentration was greater than from the initial concentration at each 
sampling time in the SiCL and SiL 1 soils, but was lower than from the initial concentration at 
each sampling time in the SiL 2 soil and the change increased over time (Figure 7). The variable 
change in WAE-Fe concentrations among soils was likely due to the variable initial WAE-Fe 
concentrations in the soils used in the experiment, where the initial WAE-Fe concentration for 
both the SiCL and SiL 1 soils were significantly lower than that for the SiL 2 soil (Table 2). On 
average, in both SiL 1 and SiCL soils, the change in WAE-Fe concentrations in the MAP 
amendment was numerically largest over the first two months of the incubation and the TSP was 
numerically largest over the 3- and 4-month sampling intervals (Figure 7). Additionally, the 





treatments to the unamended control in the SiCL and SiL 2 soils by the end of the 4 months of 
incubation. 
 
Soil Incubation 2: Electrochemically Precipitated Struvite-P behavior Under Flooded-soil 
Conditions  
 Electrochemically precipitated struvite material was unavailable at the time soil 
incubation 1 was conducted, which included CG, MAP, TSP, and an unamended control 
treatment. Once the ECST material was available, soil incubation 2 was conducted using the 
same three soils, for the same duration and sampling times, but including DAP, RP, ECST, CG, 
and an unamended control as the fertilizer-P treatments. Consequently, CG and the unamended 
control were repeated treatments in both incubations. In addition, soil incubation 1 was 
conducted in much warmer greenhouse conditions, where the mean air temperature was 26.4 oC 
over the course of the 4-month incubation between July 18 and November 7, 2018, while soil 
incubation 2 was conducted in lower, more temperature stable, laboratory conditions, where the 
mean air temperature was 21.6 oC over the course of the 4-month incubation between June 20 
and September 12, 2019. 
 
Change in Soil pH and Electrical Conductivity 
 The change in soil pH, averaged over time, differed among fertilizer amendments across 
soils (P < 0.05; Table 6). While the change in soil pH differed between soils and between 
fertilizer amendments, the change in soil pH was impacted the most by the different soils used in 
the incubation, and subsequently, the different initial chemical properties and management 





both SiCL and SiL 2 soils (Figure 8). However, the magnitude of change in soil pH was 
approximately two times greater in all fertilizer treatments in the SiL 2 than in the SiCL soil 
(Figure 8). In both SiL 2 and SiCL soils, soil pH increased from the initial pH the most in the UC 
treatment (0.71 and 0.22 pH units, respectively), which generally did not differ from RP, CG, 
and ECST treatments, except for in the CG-SiL2 combination, in which the soil pH increased 
from the initial pH, but less than the increase in the UC treatment (Figure 8). The overall greater 
pH increase in the SiL 2 soil was likely related to a lower SOM and clay concentration that was 
less effective to buffer a change in pH in combination with the previously flooded history of SiL 
2, in which there was a greater concentration of WAE-Fe that could be reduced to the more 
soluble Fe2+, which has been shown to increase soil pH (Mitsch and Gosselink, 2000). 
An acidifying effect was observed with the DAP treatment in the SiL 1 and SiCL soils, 
where soil pH decreased from the initial pH (-0.47 and -0.08 pH units, respectively), but 
increased from the initial in the SiL 2 soil, although the pH change was considerably less for than 
all other treatments (Figure 8). The acidifying effect of DAP was likely related to the greater N 
concentration of the DAP fertilizer, in which more microbial nitrification likely occurred in the 
SiL 1 and SiCL soils than in the SiL 2 soil due to the lower SOM concentration of the SiL 2 soil 
(Vaneeckhaute et al., 2016; Anderson et al., 2020). 
 The change in soil pH, averaged across soils, also differed among fertilizer amendments 
over time (P < 0.05; Table 6). As described for soil incubation 1, the change in soil pH in soil 
incubation 2 was significantly affected by the imposition of saturated and flooded conditions 
after 1 month of incubation. After 0.5 months of incubation, soil pH had increased from the 
initial in all treatments, but increased numerically the most in the CG and UC treatments (0.32 





decreased from the initial in all treatments, but decreased the most in DAP (-0.42 pH units) than 
any other treatment (Figure 8). The general acidifying effect that was present by 1 month of 
incubation was likely caused by the dissolution of fertilizers and influx of various cations that 
caused a displacement of H+ ions on exchange sites in the moist-soil conditions (Montalvo et al., 
2014; Nascimento et al., 2018; Anderson et al., 2020). However, the less drastic pH change in 
CG, ECST, and RP was likely related to a slower dissolution rate of all three fertilizer materials 
than that of DAP, which, based on visual observations during sample cup deconstruction, 
exhibited more complete dissolution earlier in the incubation. After 1 month of flooded 
conditions (i.e., 2 months of incubation), soil pH had generally increased in all fertilizers and 
increased from the initial pH in all treatments, except for DAP, which decreased from the initial 
pH (Figure 8). After 3 months of incubation, soil pH had generally increased from the initial, but 
the increase was generally less after 3 months than after 2 months of incubation. After 4 months 
of incubation, soil pH increased the most from the initial pH in the UC treatment (0.36 pH units), 
which did not differ from the ECST (0.33 pH units) and RP (0.29 pH units) treatments (Figure 
8). Additionally, after the 4-month sampling interval, soil pH again decreased from the initial in 
the DAP treatment (-0.31 pH units; Figure 8).  
The change in soil pH and EC, averaged across fertilizer amendments, differed across 
soils over time (P < 0.05; Table 6). After 0.5 months of incubation, soil pH had increased from 
the initial in the SiCL (0.30 pH units) and SiL 2 (0.56 pH units) soils and decreased from the 
initial in the SiL 1 soil (-0.10 pH units; Figure 9). The immediate cause of the pH decrease that 
occurred only in the SiL 1 soil was unclear, as the soil shared many similar physical and 
chemical properties as the SiL 2 soil (Table 2 and 3). After 1 month of incubation, soil pH 





the initial in the SiL 2 soil (Figure 9). As previously described, the imposition of the flood after 1 
month of incubation led to a drastic change in soil pH in all soils in the subsequent sampling 
intervals, which was likely related to the partially reduced soil conditions of the flooded soil 
cups. After 2 months of incubation, soil pH had increased from the initial in the SiCL and SiL 2 
soil, but was similar to the initial pH in Sil 1 (Figure 9). The pH increase was likely caused by 
the general effect of flooding previously drained soils, which causes an increase in pH in acidic 
soils due to the reduction of Fe3+ in the soil (Mitsch and Gosselink, 2000). After 2 months of 
incubation, soil pH slightly decreased in all soils, but still was greater than the initial pH in the 
SiCL (0.11 pH units) and SiL 2 (0.49 pH units) soils by the 4-month sampling interval, whereas 
soil pH did not differ from the initial in the SiL 1 soil (Figure 9). 
The change in soil EC in soil incubation 2 followed a nearly identical trend as the change 
in soil EC in soil incubation 1. After 0.5 months, the soil EC had increased from the initial and 
was similar among all soils. Soil EC continued to increase after 1 month of incubation and 
increased the most in the SiCL soil (468 dS m-1), which was approximately 40 % greater than for 
any other soil (Figure 9). The soil EC likely increased from the initial in all soils over the first 
month of the experiment because of an increased concentration of soluble soil constituents into 
limited soil moisture as the various fertilizers dissolved and were incorporated into the soil 
matrix and soil solution (Fageria et al., 2011).  
Similar to pH, the imposition of the flood after 1 month of incubation drastically 
influenced the soil EC in all soils throughout the remainder of the incubation. The removal of the 
ponded water upon deconstructive sampling likely removed some concentration of micro- and 
macronutrients, which was likely the cause of the substantial decrease in EC at the 2-month 





did not differ from the initial (Figure 9). As previously described for soil incubation 1, soil EC 
was expected to increase in flooded soils due to the increased availability of macro- and 
micronutrients in the soil solution. However, due to the fully saturated and ponded water in the 
soil cups, a dilution effect was likely the cause of the significant decrease in EC in all soils. After 
4 months of incubation, soil EC slightly increased in all soils from the 3-month sampling and 
increased the most from the initial in the SiCL soil (169 dS m-1).   
 
Change in Water-soluble Soil Concentrations 
 The change in WS-P concentrations, averaged across soils, differed among fertilizer 
amendments over time (P < 0.05; Table 6). After 0.5 months of incubation, WS-P concentrations 
had generally increased from the initial in all treatments, but increased the most in the DAP 
treatment (27.6 mg kg-1), which did not differ from CG and ECST (15.9 and 20.4 mg kg-1, 
respectively; Figure 8). Despite the slow release properties of struvite, both CG and ECST had a 
similar WS-P concentration increase as DAP over the first 0.5 months of the incubation, which 
was somewhat unexpected due to greater solubility and P availability of DAP. After 1 month of 
incubation, WS-P concentrations generally numerically decreased in all treatments, except for 
CG, which had approximately double the WS-P increase from the 0.5-month sampling (Figure 
8). The drastic WS-P increase in the CG treatment at the 1-month sampling was likely caused by 
the incorporation of one or more fertilizer pellets in the same soil sample upon destructive 
sampling, which was reported in earlier soil incubations by Anderson et al. (2020). After 2 
months of incubation, WS-P concentrations had at least numerically decreased in all treatments 
from earlier in the incubation, but was still greater than the initial and were similar among DAP, 





sampling may have been initiated by the flooded-soil conditions and the dilution effect caused by 
the excess water in each soil cup, which was ultimately removed upon destructive sampling. The 
WS-P concentrations generally remained relatively consistent between 2 and 4 months of 
incubation, except for CG, in which WS-P concentrations decreased after the 2-month interval. 
After 4 months of incubation, WS-P concentrations were still greater than the initial in DAP 
(11.8 mg kg-1) and did not differ from the initial in RP, CG, and ECST (0.57, 2.40, and 7.86 mg 
kg-1, respectively) treatments; however, the change in WS-P concentrations did not differ among 
fertilizer treatments after 4 months of incubation (Figure 8).  
 The change in WS-K, -Ca, -Mg, and -Fe concentrations, averaged across fertilizer 
amendments, differed across soils over time (P < 0.05; Table 6). After 0.5 months of incubation, 
WS-K concentrations had decreased from the initial all soils, but decreased the most in the SiCL 
soil (-17.6 mg kg-1; Figure 9). After 1 month of incubation, soil WS-K concentrations had 
increased from the initial in all soils and increased more in the SiCL soil than in either SiL soil. 
The increase in WS-K concentration in all soils was likely caused by the influx of various carrier 
cations from each P fertilizer, such as Mg2+, Ca2+, NH4
+ that may have affected exchangeable K 
ions in the solid phase of each soil (Montalvo et al., 2014; Nascimento et al., 2018; Anderson et 
al., 2020). Additionally, the greater WS-K concentration increase in the SiCL soil between 0.5 
and 1 months of incubation was likely caused by a possibly greater CEC and greater 
concentration of K ions that could become available. After the imposition of the flood, WS-K 
concentrations had decreased from the initial in all soils after 2 months of incubation (Figure 9). 
The dilution effect of the additional water in the flooded soil cups again likely reduced WS-K 
concentrations in all soils throughout the duration of the flood. Between 2 and 4 months of 





soils by the 4-month sampling interval (Figure 9). After 4 months of incubation, WS-K 
concentrations decreased the least in the SiL 1 and SiL 2 soils (-3.24 and -3.86 mg kg-1, 
respectively), which did not differ. 
 Similar to the change in WS-Ca concentrations from soil incubation 1, the change in WS-
Ca concentrations in soil incubation 2 was affected the most by the imposition of the flood after 
1 month of incubation (Figure 10). After 0.5 months of incubation, WS-Ca concentrations had 
increased from the initial in the SiL 2 soil (23.7 mg kg-1), did not differ from the initial in the SiL 
1 soil (19.5 mg kg-1), and decreased from the initial in the SiCL soil (-4.15 mg kg-1; Figure 10). 
After 1 month of incubation, WS-Ca concentrations increased and were greater than the initial in 
all soils, yet the greatest numerical increase occurred in the SiL 1 soil (Figure 10). The increase 
in WS-Ca concentration among all soils over the first month of the incubation was likely caused 
by the influx of Ca from the Ca-containing fertilizers in combination with other cations from the 
fertilizers that may have influenced soil CEC and available WS-Ca (Anderson et al., 2020). After 
the imposition of the flood, WS-Ca concentrations decreased significantly and did not differ 
from the initial in all soils after the 2-month sampling interval (Figure 10). Similar to the change 
in WS-K concentrations, WS-Ca concentrations only slightly increased after 3 months of 
incubation, but did not differ from the 2-month sampling in each soil. After 4 months of 
incubation, WS-Ca concentrations did not differ from the initial in the SiL 1 or SiL 2 soil (20.1 
and 13.7 mg kg-1, respectively), yet had increased from the initial in the SiCL soil (24.2 mg kg-1; 
Figure 10). 
 The change in WS-Mg concentrations generally followed a similar trend as the change 
WS-K and -Ca concentrations. After 0.5 months of incubation, WS-Mg concentrations increased 





(3.82 mg kg-1), and decreased from the initial in the SiCL soil (-12.9 mg kg-1; Figure 10). After 1 
month of incubation, WS-Mg concentrations had increased in all soils due to the influx of Mg 
from Mg-containing fertilizers, such as ECST and CG, as well a likely greater concentration of 
available basic cations due to the pH decrease that occurred in all treatments at the 1-month 
sampling interval (Mengel, 1993). After the imposition of the flood at 1 month of incubation, 
WS-Mg concentrations had decreased substantially by 2 months of incubation and decreased 
from the initial in all soils due to the dilution effect of the additional water in the soil cups 
(Figure 10). Additionally, after 2 months of incubation, the greatest decrease in WS-Mg 
concentration had occurred in the SiCL soil (-15.0 mg kg-1; Figure 10). Similar to WS-Ca, WS-
Mg concentrations did not differ between 2 and 3 months of incubation in each soil. Compared 
to after 3 months, a slight increase in WS-Mg concentrations occurred in all soils after 4 months 
of incubation; however, the WS-Mg concentrations were similar among soils and did not differ 
from the initial in all soils (Figure 10).  
 Unlike the change in other WS elements, the change in WS-Fe concentration across soils 
was not significantly impacted by the imposition of saturated and flooded conditions and only 
marginally (± 6 mg kg-1) changed over time (Figure 10). After 0.5 months of incubation, WS-Fe 
concentrations had decreased from the initial in all soils, but decreased the most in the SiL 2 soil 
(-56.2 mg kg-1; Figure 10). The general decrease in WS-Fe concentrations was likely caused by 
the continued fixation of Fe3+ to clays and relatively insoluble reaction with phosphate from the 
fertilizers over time, which was similar to the response in soil incubation 1. The WS-Fe 
concentrations slightly increased after 2 and 3 months of incubation, but still decreased from the 
initial in all soils and decreased the most in the SiL 2 soil at each sampling interval (Figure 10). 





small concentrations of Fe3+ being reduced to Fe2+, as reducing conditions were often measured 
during the same time interval, however, a large variability (± 60 mV) existed in mV 
measurements. After 4 months of incubation, WS-Fe concentrations generally decreased and 
were similar to each soil’s 0.5-month-sampling values in both the SiL 1 and SiL 2 soils (-37.9 
and -56.2 mg kg-1, respectively; Figure 10). Additionally, after 4 months of incubation, WS-Fe 
concentrations did not change from the 3-month sampling in the SiCL soil (-35.6 mg kg-1). As 
previously described in soil incubation 1, one of the intended responses of the imposition of the 
flood was to create reducing conditions in the soil. However, it is likely that complete reducing 
conditions were not achieved, as redox potential measurements did not consistently demonstrate 
reduced conditions across all soil cups. In a truly anerobic soil environment, Fe concentrations 
have been shown to increase as a result of Fe3+ reduction to the soluble Fe2+ form (Banach et al., 
2009), yet only small concentrations of Fe3+ were likely reduced. 
 The change in WS-K, -Ca, and -Mg concentrations, averaged across soil and time, also 
differed among fertilizer amendments (P < 0.05; Table 6). The WS-K concentrations did not 
differ from the initial in DAP (-1.41 mg kg-1) and decreased from the initial in CG (-4.25 mg kg-
1) and ECST (-5.40 mg kg-1), which did not differ. In addition, WS-K concentrations decreased 
the most from the initial in the UC treatment (-7.23 mg kg-1), which did not differ from RP and 
ECST. The WS-Ca concentrations generally increased from the initial in all fertilizer treatments, 
but increased the most from the initial in DAP (44.3 mg kg-1), followed by CG and ECST (28.0 
and 24.8 mg kg-1; respectively), which did not differ. Similar to WS-K and -Ca concentrations, 
WS-Mg soil concentrations increased the most from the initial in DAP (6.37 mg kg-1), which did 
not differ from CG and ECST (5.43 and 5.36 mg kg-1; respectively) treatments and did not differ 





and -Mg concentrations in DAP were likely related to greater solubility and greater 
concentrations of NH4
+ and K+ ions in the initial DAP fertilizer that could have influenced soil 
CEC, specifically exchangeable cations, such as WS-K, -Ca, and -Mg (Anderson et al., 2020). 
 
Change in Weak-acid-extractable Soil Concentrations 
 The WAE soil concentrations were generally numerically greater than their WS 
concentrations due to the greater extractability of the weak-acid solution. However, WAE soil 
concentrations typically followed similar trends as their WS soil concentrations. 
 The change in WAE-P concentrations, averaged across soils, differed among fertilizer 
treatments over time (P < 0.05; Table 6). After 0.5 months of incubation, WAE-P concentrations 
increased from the initial in all fertilized treatments (i.e., DAP, RP, CG, and ECST), but 
increased the most from the initial in the ECST treatment (82.0 mg kg-1), which did not differ 
from DAP (66.2 mg kg-1; Figure 11). After 1 month of incubation, WAE-P concentrations 
increased the most from the initial in DAP, CG, and ECST treatments, which did not differ 
(Figure 11). After 2 months of incubation, WAE-P concentrations slightly decreased in all 
fertilizers compared to after 1 month of incubation, but still was greater than the initial and were 
similar among DAP, CG, and ECST treatments (Figure 11). The slight decrease in WAE-P 
concentrations at the 2-month sampling was likely caused by the dilution effect when additional 
water was added to flood the soil cups. After 3 months of incubation, WAE-P concentrations 
numerically decreased in all fertilizer treatments, yet were greater than from the initial and were 
similar among DAP, CG, and ECST treatments. After 4 months of incubation, WAE-P 
concentrations numerically increased in all fertilizer treatments and increased the most in CG 





treatments (Figure 11). The slight numerical increase in WAE-P concentrations in all treatments 
in the 4-month sampling interval was somewhat unusual as the WAE-P concentrations typically 
declined over time due to the decreased solubility of all fertilizer treatments later in the 
experiment, which was an similar observation made by Anderson et al. (2020) in a non-flooded-
soil incubation experiment. However, due to the partially reduced conditions of the flooded-soil 
environment in soil incubation 2, it is possible small concentrations of Fe3+ were reduced to 
soluble Fe2+ resulting in more previously bound phosphate transferring to the soil solution 
(Banach et al., 2009). 
  Averaged across fertilizers and time, WAE-P concentrations also differed among soils (P 
< 0.05; Table 6). The WAE-P concentrations increased the most from the initial in the SiL 1 
(50.4 mg kg-1) and SiL 2 (45.3 mg kg-1), which did not differ. Additionally, WAE-P soil 
concentrations increased from the initial, but less so in the SiCL soil (13.5 mg kg-1) than in either 
SiL soil. The substantially lower change in WAE-P concentration in the SiCL soil was likely 
related to an approximately four-fold greater initial WAE-P concentration, as well as a greater 
SOM concentration, in the SiCL soil, which would have likely buffered a change by the 
dissolving fertilizer-P sources. 
 The change in WAE-K, -Ca, -Mg, and -Fe concentrations, averaged across fertilizer 
amendments, differed among soils over time (P < 0.05; Table 6). After 0.5 months of incubation, 
WAE-K concentrations had decreased from the initial in all soils, but decreased approximately 3-
fold more in the SiCL soil (-159 mg kg-1) than in either SiL 1 (-47.1 mg kg-1) or SiL 2 (-53.4 mg 
kg-1) soils, which did not differ (Figure 12). Although WAE-K concentrations had decreased 
considerably more in the SiCL soil, the immediate cause was unknown. After 1 month of 





soils as a result of the dissolving fertilizers (Figure 12). After the flood was imposed, WAE-K 
concentrations were again lower than the initial in all soils after 2 months of incubation due to 
the dilution effect of the added flood water. Although a numerical increase was observed, WAE-
K concentrations did not significantly change in either SiL 1 or SiL 2 soil between 2 and 4 
months of incubation (Figure 12). However, a similar phenomenon was not observed in the SiCL 
soil. After 3 months of incubation, WAE-K concentrations continued to decrease considerably in 
the SiCL soil. After 4 months of incubation, an increase in WAE-K concentrations was observed 
in the SiCL soil, although WAE-K concentrations remained substantially less than both SiL 1 
and SiL 2 soils (-47.2 and -53.4 mg kg-1, respectively) and less than the initial (-130 mg kg-1; 
Figure 12). The WAE-K concentrations at least numerically increased in all soils at the 4-month 
sampling interval likely due to the continued dissolution of fertilizers under flooded-soil 
conditions and the influx of carrier cations that affected soil CEC and concentration of WAE-K 
in the soil (Hoeft et al., 2000; Korb et al., 2005). 
 Similar to the change in WAE-K soil concentrations, WAE-Ca soil concentrations 
decreased from the initial in all soils throughout the entire duration of the soil incubation. While 
the WAE-Ca had decreased from the initial at every sampling interval, the change in WAE-Ca 
concentration considerably varied among soils over time. After 0.5 months, WAE-Ca 
concentrations decreased from the initial in all soils, but again, decreased more in the SiCL soil 
(-1255 mg kg-1) than in either SiL 1 or SiL 2 soils (-460 and -574 mg kg-1, respectively; Figure 
12). The WAE-Ca soil concentrations generally remained unchanged in each soil over the first 
two months of the incubation, except for an increase in the SiCL soil that occurred at the 2-
month sampling. After 3 months of incubation, the change in WAE-Ca concentrations 





SiL 1 soil, and decreased from earlier in the incubation in the SiL 2 soil (Figure 12). The variable 
WAE-Ca response among soils at the 3-month sampling interval was likely the result of different 
initial WAE-Ca soil concentrations and likely different CECs of each soil. Between the 3- and 4-
month sampling interval, WAE-Ca concentrations slightly increased in all soils, except for the 
SiL 2 soil, which only numerically increased. In addition, after 4 months of incubation, WAE-Ca 
concentrations were still lower than from the initial in all soils, but had decreased the most from 
the initial in the SiCL soil (-1026 mg kg-1) and decreased the least in the SiL 1 soil (-407 mg kg-
1; Figure 12). 
 The change in WAE-Mg concentrations was complex and a clear trend was not observed 
among soils over time. After 0.5 months of incubation, WAE-Mg concentrations increased from 
the initial in the SiL 1 soil (37.7 mg kg-1) and decreased from the initial in both the SiCL and SiL 
2 soils (-142 and -126 mg kg-1, respectively), which did not differ (Figure 13). The considerable 
variability in WAE-Mg concentrations among soils, specifically the SiL 1 and SiL 2 soils, was 
somewhat unexpected and the immediate cause is unknown. After 1 month of incubation, WAE-
Mg concentrations decreased in all soils and decreased from the initial in SiCL and SiL 2 soils, 
whereas WAE-Mg concentration did not differ from the initial in the SiL 1 soil. The decrease in 
WAE-Mg concentrations across all soils were again somewhat unexpected due to the influx of 
Mg ions from struvite (i.e., ECST and CG) and influx of other carrier cations from the dissolving 
fertilizers under moist-soil conditions that should have made WAE-Mg more available; however, 
this was not observed in the current incubation. After 1 month of saturated/flooded soil 
conditions (i.e., 2 months of incubation), WAE-Mg concentrations slightly increased in all soils, 
but remained less than the initial in the SiCL and SiL 2 soils. Similar to WAE-K concentrations, 





months of incubation. After 4 months of incubation, WAE-Mg concentrations still remained less 
than the initial in SiCL and SiL 2 soils (-121 and -126 mg kg-1, respectively) and increased from 
the initial in the SiL 1 soil (18.4 mg kg-1; Figure 13). 
 Similar to WAE-Mg concentrations, the change in WAE-Fe concentrations varied 
considerably among the different soils used in the incubation. After 0.5 months of incubation, 
WAE-Fe concentrations increased from the initial in the SiCL soil (60.1 mg kg-1), did not differ 
from the initial in the SiL 1 soil (-4.06 mg kg-1), and decreased from the initial in the SiL 2 soil (-
98.5 mg kg-1; Figure 13). The variability in WAE-Fe concentrations among soils after 0.5 
months of incubation was likely caused by considerably different initial WAE-Fe concentrations 
of the soils used in the incubation (Table 3). After 1 month of incubation, WAE-Fe 
concentrations had generally increased across all soils from earlier in the incubation, and had 
increased from the initial in both SiCL and SiL 1 soils, whereas WAE-Fe concentrations 
remained less than the initial in the SiL 2 soil (Figure 13). After 1 month of saturated/flooded 
soil conditions (i.e., 2 months of incubation), WAE-Fe concentrations had decreased by more 
than 60 mg kg-1 in every soil, and only the WAE-Fe concentration in the SiCL remained greater 
than the initial, whereas the WAE-Fe concentration in both SiL 1 and SiL 2 soils were less than 
the initial. The WAE-Fe concentrations remained relatively stable (i.e., ± 10 mg kg-1) in both 
SiCL and SiL 2 soils between 2 and 4 months of incubation. However, after 4 months of 
incubation, a slight increase in WAE-Fe concentration was observed in the SiL 1 soil from 
earlier in the incubation, but WAE-Fe concentrations did not differ from the initial. Additionally, 
after 4 months of incubation, WAE-Fe concentrations had still decreased the most from the 
initial in the SiL 2 soil (-170 mg kg-1) and were still greater than the initial in the SiCL soil (24.4 





 The change in WAE-Mg and -Fe concentrations, averaged across soils, also differed 
among fertilizer treatments over time (P < 0.05; Table 6). After 0.5 months of incubation, WAE-
Mg concentrations generally decreased from the initial among fertilizer amendments, but 
decreased the most from the initial in the UC treatment (-114 mg kg-1), which did not differ from 
RP (-107 mg kg-1; Figure 11). In addition, after 0.5 months of incubation, WAE-Mg 
concentrations did not differ from the initial in the ECST treatment (-18.8 mg kg-1; Figure 11). 
After 1 month of incubation, WAE-Mg concentrations slightly increased in CG from the 0.5-
month sampling, and decreased from earlier in the incubation in the ECST, RP, and DAP 
treatments (Figure 11). After 2 months of incubation, WAE-Mg concentration increased in both 
CG and ECST treatments, but remained less than the initial and generally did not significantly 
change in all other treatments. After 2, 3, and 4 months of incubation, WAE-Mg concentrations 
remained relatively stable with only minor differences among each treatment. After 4 months of 
incubation, WAE-Mg concentrations had decreased the most from the initial in the UC treatment 
(-129 mg kg-1), which did not differ from RP (-120 mg kg-1), and had decreased the least from 
the initial in the CG treatment (-20.9 mg kg-1), which did not differ from ECST (-25.4 mg kg-1; 
Figure 11). The generally less negative WAE-Mg concentrations in both struvite sources 
throughout the soil incubation was expected due to the greater initial WAE-Mg concentrations of 
the struvite material (Anderson et al., 2020). 
 Unlike the change in WAE-Mg concentrations, the change in WAE-Fe concentrations 
among fertilizer treatments was greatly affected by the imposition of saturated/flooded soil 
conditions. After 0.5 months of incubation, WAE-Fe concentrations did not differ among 
fertilizer treatments, but decreased from the initial in CG (-19.9 mg kg-1) and ECST (-15.5 mg 





month of incubation, WAE-Fe concentrations increased in all treatments, which may have been 
caused by the conversion of WS-Fe into less available WAE-Fe as secondary phosphates 
precipitated out of soil solution (Tiessen et al., 1984; Smeck, 1985; Nascimento et al., 2018). In 
addition, after 1 month of incubation, WAE-Fe concentrations increased from the initial and 
were similar among all fertilizer treatments (Figure 11). After 1 month of flooded conditions 
(i.e., 2 months of incubation), WAE-Fe concentrations decreased in all treatments due to the 
dilution effect of saturated/flooded soil conditions and were lower than the initial and were 
similar among all fertilizer treatments (Figure 11). Throughout the entire duration of flooded 
conditions (i.e., 2, 3, and 4 months of incubation), WAE-Fe concentrations did not significantly 
change among fertilizer amendments and remained less than the initial and similar among all 
fertilizer treatments (Figure 11). 
 
Implications 
 Traditional P fertilizers present a future food security dilemma due to the relatively 
limited supply of RP, thus important research for applications of recovered fertilizer-P sources 
remains an ongoing pursuit in sustainable development. Struvite recovery is one appealing 
option for a sustainable source of P due to the ability to recover both N and P from solid and 
liquid wastes (Schoumans et al., 2015). Additionally, struvite recovery has been shown to be 
applicable to a number of different waste sources, including industrial wastewater (Diwani et al., 
2007), wasted sludge (Jaffer et al., 2002), dairy wastewater (Massey et al., 2007; Uysal and 
Kuru, 2015), lagoon wastewater (Westerman et al., 2009; Rahman et al., 2014), SS (Münch and 
Barr, 2001), and many others. Recovery of struvite in WWTPs has the potential to reduce 





subsequently a potential reduction in operational costs (Woods et al., 1999; Doyle and Parsons, 
2002). As an alternative fertilizer-P source, struvite has shown to have slow-release 
characteristics that could be beneficial to some agricultural production systems (Massey et al., 
2009; Tallboys et al., 2015). Additionally, the slow-release properties of struvite make struvite 
an attractive option for agricultural applications, specifically in rice production, since excess P in 
drainage water can cause eutrophication to freshwater water sources, which can be detrimental to 
aquatic life and ecosystem functions (Carpenter and Bennett, 2011; Tian et al., 2017). 
 
Conclusions 
Previous research has shown potential for struvite recovery as a viable method for 
recovering P from a variety of waste sources, thus providing a potentially sustainable source of P 
by decreasing the global dependence for traditional RP-derived fertilizers. However, struvite-soil 
interactions have not been well studied in many struvite fertilization studies, and virtually no 
studies have examined struvite-soil interactions in a flooded soil environment. Therefore, this 
study evaluated the fertilizer response of wastewater recovered struvite in a flooded, plant-less 
environment in multiple agronomically relevant soils. As hypothesized, results from Soil 
Incubation 1 demonstrated similar WAE-P concentrations averaged over time between CG, 
MAP, and TSP treatments in each soil. In every sampling interval in soil incubation 1, CG, MAP 
and TSP treatments had a similar change in WAE-P soil concentrations. However, the hypothesis 
was only partially supported because WS-P concentrations were not similar among CG, MAP, 
and TSP treatments over the course of the entire incubation. Despite the slow release properties 
of struvite, the WS-P concentration in the CG treatment increased the most from the initial than 





also supported the hypothesis that WS-Mg and WAE-Mg concentrations were greater in the CG 
treatment. As expected, the greater initial Mg concentration in the struvite material was likely the 
cause of the greater WS and WAE-Mg concentrations in the CG treatment than either MAP or 
TSP treatments. 
Results from Soil Incubation 2 also partially supported the hypothesis that WS- and 
WAE-P concentrations were similar between ECST, CG, and DAP, and greater than RP. The 
hypothesis was only partially supported because, generally, WS-P concentrations were at least 
numerically greater in CG, ECST, and DAP treatments than RP treatment, although, in the 3- 
and 4-month sampling intervals, WS-P concentrations were similar between CG, ECST, and RP. 
Results supported the hypothesis of a similar WAE-P concentration among CG, ECST, and DAP 
treatments in WAE-P soil concentrations. Even under the complex and often dynamic conditions 
of flooded soils, WS- and WAE-P concentrations were similar between ECST, CG and other 
commercial P fertilizers. The comparable WS and WAE-P concentrations between struvite and 
other commercial P fertilizers under flooded conditions further support evidence from previous 
studies that have shown struvite to be a viable alternative to traditional RP-derived P fertilizers in 
several soil environments.  
 Results from the Soil Incubation 2 also partially supported the hypothesis that WS- and 
WAE-Mg concentrations would be greatest in the two struvite sources. The hypothesis was only 
partially supported because, averaged over time and soils, WS-Mg concentrations increased the 
most from the initial in the DAP treatment, which did not differ from CG and ECST. However, 
results supported the hypothesis of greater WAE-Mg concentrations in the two struvite sources 





 Results from this study overall provide valuable information on struvite-soil interactions 
in agronomic soils, specifically in a flooded-soil environment. Results from this study have 
displayed the dynamic nature of flooded soils and the effects P fertilizers can have on select soil 
chemical properties. Despite the different physical and chemical compositions of the different P 
fertilizers used in the study, a generally similar response was observed in WS-P and WAE-P 
concentrations among struvite and traditional fertilizer-P sources, which further supports the 
potential utilization of wastewater-recovered struvite in future agronomic applications. However, 
due to the presence of organic acids in plant roots, which can affect the solubility of P fertilizers, 
struvite’s applicability as P fertilizer in rice production needs to be further evaluated in potted 
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Tables and Figures 
Table 1. Summary of initial chemical properties [i.e., pH, electrical conductivity (EC), organic matter (OM), total carbon (TC), total 
nitrogen (TN), and water-soluble, weak-acid-extractable, and total-recoverable P, K, Ca, Mg, and Fe concentrations] among fertilizer-
















     pH 4.37 7.32 2.42 8.78 N/A† 6.67 
     EC (dS m-1) 84.6 105 32.8 226 N/A 514 
     OM (g g-1) 0.243 0.321 0.175 0.259 N/A 0.021 
     TC (g g-1) 0.003 0.005 0.003 0.002 0.001 0.004 
     TN (g g-1) 0.107 0.181 0.0002 0.057 0.033 0.0004 
Water-soluble (mg kg-1) 
     P 196000 163300 178840 216 N/A 70.6 
     K 1048 1173 808 1.50 N/A 28.5 
     Ca 2252 153 121296 11.6 N/A 148 
     Mg 7784 79.9 5791 157 N/A 25.5 
     Fe 68.8 63.6 473 1.22 N/A 4.20 
Weak-acid-extractable (mg kg-1) 
     P 181919 164349 171493 24479 N/A 638 
     K 1081 1244 786 230 N/A 139 
     Ca 1931 228 105735 83 N/A 3602 
     Mg 6767 507 4715 21444 N/A 338 
     Fe 254 146 362 127 N/A 226 
Total-recoverable (mg kg-1) 
     P 209215 183365 182187 116556 184510 75956 
     K 1312 1510 1143 842 0.01 2762 
     Ca 4309 4653 140177 312 0.01 163495 
     Mg 14535 6734 6205 83234 133150 3219 
     Fe 3737 5785 1527 4505 0.1 10592 





Table 2. Summary of the differences in initial soil properties [i.e., sand, clay,  
and silt concentration; pH, electrical conductivity (EC), soil organic matter  
(SOM), total carbon (TC), total nitrogen (TC), and carbon nitrogen ratio  




SiCL SiL 1 SiL 2 
Sand (g g-1) 0.071 c 0.117 a† 0.101 b 
Clay (g g-1) 0.366 a 0.137 b 0.108 c 
Silt (g g-1) 0.563 c 0.746 b 0.792 a 
pH 6.50 b 6.53 b 6.70 a 
EC (dS m-1) 0.273 a 0.169 b 0.164 b 
SOM (g g-1) 0.025 a 0.024 b 0.019 c 
TC (g g-1) 0.012 a 0.011 a 0.009 b 
TN (g g-1) 0.0011 a 0.0011 a 0.0008 b 
C:N  11.4 a 9.68 c 11.0 b 






Table 3. Summary of the differences in initial soil chemical properties [i.e.,  
water-soluble, weak-acid-extractable, and total-recoverable P, K, Ca, Mg, and Fe  




SiCL SiL 1 SiL 2 
Water-soluble (mg kg-1) 
     P 9.60 a 5.47 b† 3.70 c 
     K 44.7 a 25.3 c 28.3 b 
     Ca 74.3 a 62.7 b 62.0 b 
     Mg 28.0 a 23.3 b 17.7 c 
     Fe 47.9 a 47.9 a 47.9 a 
Weak-acid-extractable (mg kg-1) 
     P 143 a 33.7 b 19.7 c 
     K 485 a 143 b  158 b 
     Ca 4328 a 1842 c 2156 b 
     Mg 774 a 444 b 365 c 
     Fe 175 c 186 b 459 a 
Total-recoverable (mg kg-1) 
     P 672 a 568 b 297 c 
     K 5828 a 1525 b 892 c 
     Ca 4463 a 1757 c 2006 b 
     Mg 8544 a 2429 b 1236 c 
     Fe 27880 a 18230 b 14297 c 






Table 4. Summary of estimated bulk densities and target gravimetric water contents for watering 




SiCL SiL 1 SiL 2 
Bulk density (g cm-3)† 1.28 1.38 1.43 
Target gravimetric water content (g g-1)† 0.203 0.203 0.204 
†Bulk density and target water content estimations were derived using sand,  









Table 5. Analysis of variance summary of the effects of soil (S), fertilizer amendment (A), sample time (T), and their interactions on 
the change in soil-test pH, electrical conductivity (EC), water-soluble (WS) and weak-acid-extractable (WAE; i.e., Mehlich-3) 







































___________________________________________________________ P _____________________________________________________ 
 
S < 0.01 0.76 < 0.01 0.30 0.94 < 0.01 < 0.01 0.34 < 0.01 < 0.01 0.08 < 0.01 
A < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.25 < 0.01 0.63 < 0.01 < 0.01 < 0.01 
T < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.26 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
   S x A < 0.01† 0.33 0.06 < 0.01 0.31 0.75 0.12 < 0.01 0.42 0.02 0.50 < 0.01 
   S x T < 0.01 0.38 0.03 < 0.01 < 0.01 0.27 < 0.01 < 0.01 0.09 < 0.01 0.27 < 0.01 
   A x T 0.11 0.03 < 0.01 < 0.01 0.01 0.18 0.45 0.21 0.17 0.28 0.74 < 0.01 








Table 6. Analysis of variance summary of the effects of soil (S), fertilizer amendment (A), sample time (T),  
and their interactions on the change in soil-test pH, electrical conductivity (EC), water-soluble (WS) and  
weak-acid-extractable (WAE; i.e., Mehlich-3) extractable nutrient (P, K, Ca, Mg, and Fe) concentrations from  








































 _______________________________________________________ P _______________________________________________________ 
S < 0.01 0.16 0.57 < 0.01 0.96 0.03 < 0.01 < 0.01 0.03 0.01 0.04 < 0.01 
A < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.56 < 0.01 0.66 0.32 0.10 0.68 
T < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
  S x A < 0.01† 0.94 1.00 0.22 0.94 0.94 0.06 0.11 0.89 0.83 0.98 0.76 
  S x T < 0.01 < 0.01 0.80 < 0.01 < 0.01 < 0.01 < 0.01 0.49 < 0.01 < 0.01 < 0.01 < 0.01 
  A x T < 0.01 0.26 < 0.01 0.86 0.75 0.07 0.57 0.05 0.45 0.34 < 0.01 < 0.01 






Figure 1. Fertilizer amendment effects, average over time, on the change in soil pH and weak-
acid-extractable (WAE) soil P and Ca concentrations from the initial among soils. Means within 
a panel with different letters are different (P < 0.05). An asterisk (*) indicates mean value is 






Figure 2. Soil effects, averaged over fertilizer amendments, on the change in soil pH and water-
soluble (WS) extractable soil Ca and Fe concentrations from the initial over time. Means within a 
panel with different letters are different (P < 0.05). An asterisk (*) indicates mean value is 






Figure 3. Fertilizer amendment effects, averaged across soils, on the change in electrical 
conductivity (EC) and water-soluble (WS) extractable soil Ca concentration from the initial over 
time. Means within a panel with different letters are different (P < 0.05). An asterisk (*) 









Figure 4. Fertilizer amendment-soil combination effects on the change in water-soluble (WS) P (ΔWS-P) from the initial over time. 









Figure 5. Fertilizer amendment-soil combination effects on the change in water-soluble (WS) K (ΔWS-K) from the initial over time. 






Figure 6. Soil effects, averaged across fertilizer amendments, on the change in weak-acid-
extractable (WAE) soil P and Ca concentrations from the initial over time. Means within a panel 
with different letters are different (P < 0.05). An asterisk (*) indicates mean value is different 









Figure 7. Fertilizer amendment-soil combination effects on the change in weak-acid-extractable (WAE) Fe (ΔWAE-Fe) from the 







Figure 8. Fertilizer amendment effects, averaged over time, on the change in soil pH from the 
initial among soils for soil incubation 2 (top). Fertilizer amendment effects, averaged over soils, 
on the change in soil pH and water-soluble (WS) P concentrations from the initial over time in 
soil incubation 2 (middle and bottom, respectively). Means within a panel with different letters 






Figure 9. Soil effects, averaged over fertilizer amendments, on the change in soil pH, electrical 
conductivity (EC) and water-soluble (WS) soil P concentrations from the initial over time for soil 
incubation 2. Means within a panel with different letters are different (P < 0.05). An asterisk (*) 






Figure 10. Soil effects, averaged over fertilizer amendments, on the change in water-soluble 
(WS) soil Ca, Mg, and Fe concentrations from the initial over time for soil incubation 2. Means 
within a panel with different letters are different (P < 0.05). An asterisk (*) indicates mean value 






Figure 11. Fertilizer amendment effects, averaged over soils, on the change in weak-acid-
extractable (WAE) soil P, Mg, and Fe concentrations from the initial over time for soil 
incubation 2. Means within a panel with different letters are different (P < 0.05). An asterisk (*) 






Figure 12. Soil effects, averaged over fertilizer amendments, on the change in weak-acid-
extractable (WAE) soil K and Ca concentrations from the initial over time for soil incubation 2. 
Means within a panel with different letters are different (P < 0.05). An asterisk (*) indicates 






Figure 13. Soil effects, averaged over fertilizer amendments, on the change in weak-acid-
extractable (WAE) soil Mg and Fe concentrations from the initial over time for soil incubation 2. 
Means within a panel with different letters are different (P < 0.05). An asterisk (*) indicates 


















While the agronomic applications of recovered struvite have been observed in several 
small plant studies, the soil-fertilizer interactions between wastewater-recovered struvite and 
multiple soil textures have not been well studied, specifically in agronomically relevant soils. 
Therefore, the purpose of this research was to evaluate the fertilizer response of wastewater 
recovered struvite in plant-less soil incubation experiments with multiple soil textures (i.e., loam, 
silt loam, silty clay loam) in a moist- and flooded-soil environment. As hypothesized, results 
from the Crystal Green (CG) soil incubation demonstrated greater WS- and WAE-P 
concentrations in the finely ground CG treatment over the first month of the CG incubation than 
the pelletized CG treatment in all soils. However, the hypothesis was only partially supported 
because WS- and WAE-P concentrations were not greater in the finely ground CG treatment 
over the course of the entire incubation. Results confirmed the slow-release properties of the 
pelletized CG struvite material that have been previously reported, which resulted in a generally 
similar change in WS- and WAE-P concentration in pelletized and finely ground treatments in 
each soil after six months of incubation.  
Results from the moist-soil incubation study supported the hypothesis that both struvite 
sources (i.e., ECST and CG) would have a similar WS- and WAE-P response as MAP, DAP, and 
TSP. Despite a few exceptions, WS-P concentrations were generally similar among CG, ECST, 
MAP, DAP, and TSP across all soils and were greater than RP and UC treatments over time. 
Despite the lower solubility of struvite, the change in WS-P concentration was not significantly 
lower in either struvite source over the duration of incubation, which was somewhat unexpected. 
In addition, the WAE-P concentrations were generally similar among TSP, MAP, DAP, CG, and 





concentration among fertilizer-P sources further support the findings of previous studies that 
demonstrated struvite’s potential as a sustainable, alternative fertilizer-P source.  
Results from the moist soil Incubation also partially supported the hypothesis that both 
struvite sources (i.e., CG and ECST) would have greater Mg concentrations than other 
commercially available fertilizer-P sources.  
As hypothesized, results from flooded-soil incubation 1 demonstrated similar WAE-P 
concentrations averaged over time between CG, MAP, and TSP treatments in each soil. In every 
sampling interval in soil incubation 1, CG, MAP and TSP treatments had a similar change in 
WAE-P soil concentrations. However, the hypothesis was only partially supported because WS-
P concentrations were not similar among CG, MAP, and TSP treatments over the course of the 
entire incubation. Despite the slow-release properties of struvite, the WS-P concentration in the 
CG treatment increased the most from the initial than any other treatment in both SiCL and SiL 1 
soil during the first 0.5 months of incubation. Results also supported the hypothesis that WS-Mg 
and WAE-Mg concentrations were greater in the CG treatment.  
Results from flooded-soil incubation 2 also partially supported the hypothesis that WS- 
and WAE-P concentrations were similar between ECST, CG, and DAP, and greater than RP. The 
hypothesis was only partially supported because, generally, WS-P concentrations were at least 
numerically greater in CG, ECST, and DAP treatments than RP treatment, although in the 3- and 
4-month sampling intervals WS-P concentrations were similar between CG, ECST, and RP. 
Results supported the hypothesis of a similar WAE-P concentration among CG, ECST, and DAP 
treatments. Even under the complex and often dynamic conditions of flooded soils, WS- and 
WAE-P concentrations were similar between ECST, CG and other commercial P fertilizers. The 





under flooded conditions further support evidence from previous studies that have shown struvite 
to be a potentially viable alternative to traditional RP-derived P fertilizers in several soil 
environments.  
 Results from flooded-soil incubation 2 also partially supported the hypothesis that WS- 
and WAE-Mg concentrations would be greatest in the two struvite sources. The hypothesis was 
only partially supported because, averaged over time and soils, WS-Mg concentrations increased 
the most from the initial in the DAP treatment, which did not differ from CG and ECST. 
However, results supported the hypothesis of greater WAE-Mg concentrations in the two struvite 
sources (i.e., CG and ECST) than DAP or RP.  
Results from this study overall provide valuable insight into the behavior of wastewater-
recovered struvite as compared to other commercially available fertilizer-P sources in agronomic 
soils and different soil environments. Results displayed that, not only was the fertilizer response 
affected by the chemical and physical properties of the different soils and fertilizer 
characteristics themselves, but was also affected by previous management history in similar-
textured soils. The choice of which fertilizer-P source to use will clearly need to consider soil 
texture and field management history to best tailor the most appropriate fertilizer-P source to the 
specific setting and management practices where the fertilizer-P will be used for optimal crop 
production results. To accurately assess the applicability of struvite as an alternative fertilizer-P 
source, additional, in-depth research is still required to better understand struvite behavior in 
additional soil textures that were not used in this study, as well as agronomic soils with wider 






Appendix A: Example of SAS program for evaluating the effect of soil on initial soil properties. 
 
Title ‘INFEWS Struvite Project – soil data’; 
 
data test; 
infile ‘Soil Sample Analyses.csv’ firstobs = 2 delimiter = “,” truncover LRECL = 600; 
input  Soil $ Rep Sand Clay Silt pH EC SOM TC TN CNratio M3_P M3_K M3_Ca M3_Mg 
M3_S M3_Na M3_Fe M3_Mn M3_Cu M3_B WS_P WS_K WS_Ca WS_Mg WS_S 
WS_Na WS_Fe WS_Mn WS_Zn WS_Cu WS_B TotalP TotalK TotalCa TotalMg TotalS 
TotalNa TotalFe TotalMn TotalZn TotalCu TotalB 
run; 
 
proc print data = test; 
run; 
 
proc glimmix data = test; 
class Soil; 
model Sand = Soil / ddfm =kr dist = beta link = logit 






Appendix B: Example of SAS program for evaluating the effect of soil, fertilizer amendment, 
and time on soil properties in Soil Incubation 1. 
 
Title ‘INFEWS Struvite Project – Soil Incubation 1 results’; 
 
data soil; 
infile ‘Master File for Soil Incubation 1.csv’ firstobs = 2 delimiter = “,” truncover LRECL = 
600; 
input  Soil $ Amendment $ Time Rep LabID ID pH EC M3_P M3_K M3_Ca M3_Mg M3_S 
M3_Na M3_Fe M3_Mn M3_Cu M3_B WS_P WS_K WS_Ca WS_Mg WS_S WS_Na 
WS_Fe WS_Mn WS_Zn WS_Cu WS_B Delta_pH Delta_EC Delta_M3P Delta_M3K 




proc print data = soil; 
run; 
 
proc glimmix data = soil; 
class Soil Amendment Time; 
model Delta_EC = Soil Amendment Soil*Amendment Time Soil*Time Amendment*Time 
Soil*Amendment*Time / ddfm = kr dist = normal link=id; 
random rep (Soil) rep (Soil*Amendment); 







Appendix C: Example of SAS program for evaluating the effect of soil, fertilizer amendment, 
and time on soil properties in Soil Incubation 2. 
 
Title ‘INFEWS Struvite Project – Soil Incubation 2 results’; 
 
data soil; 
infile ‘Master File for Soil Incubation 2.csv’ firstobs = 2 delimiter = “,” truncover LRECL = 
600; 
input  Soil $ Amendment $ Time Rep LabID ID pH EC M3_P M3_K M3_Ca M3_Mg M3_S 
M3_Na M3_Fe M3_Mn M3_Cu M3_B WS_P WS_K WS_Ca WS_Mg WS_S WS_Na 
WS_Fe WS_Mn WS_Zn WS_Cu WS_B Delta_pH Delta_EC Delta_M3P Delta_M3K 




proc print data = soil; 
run; 
 
proc glimmix data = soil; 
class Soil Amendment Time; 
model Delta_pH = Soil Amendment Soil*Amendment Time Soil*Time Amendment*Time 
Soil*Amendment*Time / ddfm = kr dist = normal link=id; 
random rep (Soil) rep (Soil*Amendment); 
lsmeans Soil*Amendment / ilink lines; 







Appendix D: Example of SAS program for evaluating the effect of soil, fertilizer amendment, 
and time on soil properties in Soil Incubation 3. 
 
Title ‘INFEWS Struvite Project – Soil Incubation 3 results’; 
 
data soil; 
infile ‘Masterfile for soil incubation 3 CSV.csv’ firstobs = 2 delimiter = “,” truncover LRECL 
= 600; 
input  Soil $ Amendment $ Time Rep LabID ID pH EC M3_P M3_K M3_Ca M3_Mg M3_S 
M3_Na M3_Fe M3_Mn M3_Cu M3_B WS_P WS_K WS_Ca WS_Mg WS_S WS_Na 
WS_Fe WS_Mn WS_Zn WS_Cu WS_B Delta_pH Delta_EC Delta_M3P Delta_M3K 
Delta_M3Ca Delta_M3Mg Delta_M3Fe Delta_NO3 Delta_NH4 Delta_WSP Delta_WSK 
Delta_WSCa Delta_WSMg Delta_WSFe; 
run; 
 
proc print data = soil; 
run; 
 
proc Glimmix data = soil; 
class Soil Amendment Time; 
model Delta_pH = Soil Amendment Soil*Amendment Time Soil*Time Amendment*Time 
Soil*Amendment*Time / ddfm = kr dist = normal link=id; 
random rep (Soil) rep (Soil*Amendment); 







Appendix E: Example of SAS program for evaluating the effect of soil, fertilizer amendment, 
and time on soil properties in Soil Incubation 4. 
 
Title ‘INFEWS Struvite Project – Soil Incubation 4 results’; 
 
data soil; 
infile ‘Master File For Soil Incubation 4.csv’ firstobs = 2 delimiter = “,” truncover LRECL = 
600; 
input Soil $ Amendment $ Time Rep LabID ID pH EC M3_P M3_K M3_Ca M3_Mg M3_S 
M3_Na M3_Fe M3_Mn M3_Cu M3_B WS_P WS_K WS_Ca WS_Mg WS_S WS_Na 
WS_Fe WS_Mn WS_Zn WS_Cu WS_B Delta_pH Delta_EC Delta_M3P Delta_M3K 




proc print data = soil; 
run; 
 
proc glimmix data = soil; 
class Soil Amendment Time; 
model Delta_M3P = Soil Amendment Soil*Amendment Time Soil*Time Amendment*Time 
Soil*Amendment*Time / ddfm = kr dist = normal link=id; 
random rep (Soil) rep (Soil*Amendment); 
lsmeans Soil / ilink lines; 
lsmeans Amendment*Time / ilink lines; 
run; 
 
